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 Semiconductor memory (SM) devices, which can be used as storage media in various 
applications, have been extensively developed. Because of the rapid increase of digital recording in 
the world, SM devices are also expected to use for long-term storage of valuable digital data over 
100 years. Regarding advanced SM technologies, copper (Cu) has been widely used as interconnect 
and bond pad material in place of Al to enhance the electrical conductivity and current endurance. 
Therefore, the long-term reliability of Cu used in SMs is a serious concern for the long-term storage 
application (>100 years). A potential cause for the failure of long-term data storage is Cu oxidation 
due to moisture. To avoid Cu oxidation, an impermeable thin film coat can be used. Nanocarbon 
materials, such as graphene and amorphous carbon (a-C) composites, are excellent candidates due 
to their small atomic radius of carbon. In the beginning, high-quality large-grained graphene was 
studied its potential and issues in preventing the Cu surface from oxidation in principle because its 
forming temperature is still high and not compatible with the current LSIs fabrication. Then, the 
properties of room-temperature nitrogen-doped a-C (a-C:N) were investigated and expected as a 
practical method to maintain the Cu surface from oxidation for more than 100 years. Before 
improving the long-term resistance of Cu against oxidation due to moisture, the effects of Cu 
oxidation on the sheet resistance were studied under accelerated conditions using a temperature 
humidity storage (THS) test. In addition, the dependency of Cu oxidation on the temperature and 
humidity was studied, then, the prediction model of Cu lifetime and its important parameters were 
derived. The Cu lifetime against humidity was estimated based on the proposed prediction model. 
 Large-grain single-layer graphene (SLG) was deposited by high-temperature chemical vapor 
deposition (CVD) for coating on the Cu surface. SLG was demonstrated the potential as an atomic-
layer barrier against moisture. The THS test shows that large-grain SLG protects large areas of the 
Cu surface and only areas with grain boundaries and defects were oxidized. 
 To avoid the Cu oxidation in areas with grain boundaries and defects, stacked SLG layers, 
that is, double-layer graphene (DLG) and triple-layer graphene (TLG), were fabricated. The DLG- 
and TLG-coated Cu samples were tested and compared with bare Cu without a barrier and SLG-
coated Cu samples. The results of the Raman and X-ray photoelectron spectroscopy (XPS) 
measurements indicate that the SLG grain boundaries and defects enhance the Cu oxidation due to 
 
III 
the formation of galvanic cells during long-term THS tests. However, DLG can be used to solve this 
issue. It can be used to cover the areas of SLG grain boundaries and prevent galvanic corrosion 
during the THS test. In addition, TLG can be used to protect the Cu surface, ensuring the efficiency 
of graphene in protecting the sample surface from oxidation due to moisture. 
  However, it is still difficult to apply graphene as moisture barrier of Cu metallization in 
current LSIs fabrication because of the high-temperature deposition of graphene. Therefore, a-C:N 
was studied as an alternative nanocarbon material that can be simply deposited by sputtering at room 
temperature. The THS test results show that a-C:N with an Ar:N2 ratio of 90:10 can preserve the 
sheet resistance of an a-C:N/Cu sample for ~400 years (at 27℃/60% RH) based on the proposed 
prediction model. The XPS depth profiles obtained after the THS test confirm the excellent 
efficiency of a-C:N in preventing Cu oxidation due to moisture. 
 This work provides promising guidelines for the improvement of the long-term reliability of 
Cu metallization used in advanced SM devices and thus increase their lifetime for the storage of 
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CHAPTER 1  
INTRODUCTION 
 
1.1. Overview  
 In the era of information technology (IT), most of the information, including images, music, 
videos, and books or magazines, is published and preserved in digital form, leading to the rapid 
growth of the demand for digital data storage. Therefore, various types of storage media have been 
developed and are expected to be used for the long-term storage of digital data. Electronic data 
storage devices, known as the semiconductor memory (SM) devices, are being developed to meet 
the growing needs of consumers. Because of their advantages, these devices have been applied in 
various electronics and are expected to be used in place of traditional magnetic storage devices for 
the long-term storage of digital data. Thus, it is important to improve the long-term storage reliability 
of SM devices.  
 This work focuses on the improvement of the long-term reliability of copper (Cu) 
metallization because they have been used as conductive materials in place of conventional Al 
metallization [1‒4]. The main objective of this research is to prevent the Cu oxidation due to 
moisture by applying a nanocarbon material coating on the Cu surface as a moisture barrier. This 
approach has been implemented in this research to reach the goal of long-term protection of the Cu 
surface from oxidation. This approach is promising regarding the improvement of the long-term 
reliability of SM devices. 
 In this chapter, the background, including the history of digital data storage, problems, and 
critical issues, is provided, and the methods are introduced. Moreover, the essential properties of 
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1.2. History of digital data storage  
 Figure 1.1 shows a typical nonvolatile memory including magnetic, optical, and 
semiconductor memories. Beginning from the magnetic hard disk drive (HDD) memory, it was 
developed and launched for the first time over half of a century ago by IBM in 1965 [5]. The HDD 
can store and retrieve digital data by controlling the magnetization direction of magnetic media. It 
was developed for operation in personal computers in 1980 [6]. Subsequently, the performances of 
HDDs have continuously been improved and the areal storage density has been updated based on 
magnetic recording, which is commonly used for the long-term storage of digital data on desktop 
computers and computer servers as well as for the preservation of data for external use on portable 
HDDs. 
 Subsequently, optical memories were developed to record and transfer digital data in a more 
convenient way and increase the number of users that can access data storage technology at a cheaper 
price. Data can be stored on optical discs by means of laser irradiation of a plastic plate coated with 
an optical recording material. There are various types of optical discs such as compact discs (CDs) 
including write-once media, read-only memory (CD-ROM) and rewritable media; digital video discs 
including read-only and erasable types; Blu-ray discs. The CD was firstly launched in 1982 for the 
distribution of music and was continually developed for other applications [7]. Nowadays, CD-
ROMs are rarely used to store computer software because the new generation of laptops does not 
provide an optical drive. 
Figure 1.1. Nonvolatile storage devices 
HDD Optical media Semiconductor 
memory 
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 In today’s modern electronics, the use of SM devices, also known as memory chips, is 
rapidly increasing on the entire IT market to meet the demands of digital data storage. The existing 
design in which several transistors are combined on a single integrated circuit (IC) can be classified 
into as large-scale integrated (LSI) or very-large-scale integrated (VLSI) memories depending on 
the number of transistors (>1,000 or >100,000 per chip, respectively). The great evolution of ICs in 
terms of the size is based on Moore’s law. Nonvolatile SMs can be categorized into two types: mask-
programmed read-only memory with data programmed during manufacturing and programmable 
read-only memory (PROM) with data programmed once by the user. Moreover, two types of 
erasable PROMs have been developed by using ultraviolet light and electrical charge (EEROM) to 
erase data. The further development of EEROMs led to the invention of the flash memory, which 
was introduced in 1980 [8]. The flash memory can be electrically rewritten and erased. At present, 
it has been widely used in various applications such as in universal serial bus flash drives, secure 
digital (SD) memory cards used to store data in digital cameras and cellphones, and solid-state drives 
(SSDs), representing the newest flash memory type used in the new generation of laptops and many 
other applications.  
 Based on the comparison between the SM and traditional HDD, the SM overcomes all 
limitations of the HDD with respect to noise, speed, size, and power consumption, except for the 
capacity and cost [9]. Because the SM requires no complex mechanical systems to store and access 
data, it will be easier to read the stored data electrically even the read/write system will be lost in 
the future like “β-system” in the past magnetic recording. The SM devices are used in a variety of 
small electronic products because of their small size. However, commercial SM devices are very 
expensive (per GB) because they are newer and harder to manufacture than traditional HDDs. Based 
on reports on the life expectancy (LE) of data, HDDs have the LE of ~1–7 years depended on the 
manufacturer [10,11]. The LE of SM devices, including flash drives and SSDs, measured in terms 
of the mean time to data loss (MTTDL) is ~10–12 years; subsequently, the data start to evaporate 
[9,11]. The comparison between the SM and HDD is shown in Table 1.1.  
 Because the storage capacity of SM devices has continually been increased, these devices 
are expected to replace traditional HDDs as media for the long-term storage of digital data. 
Therefore, the long-term storage reliability of SM devices should be analyzed and improved.  
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Table 1.1. Feature comparison between SM and HDD 
 
1.3.  Cu metallization used in SM devices: background and issues  
 An IC chip used in SM devices contains numerous layers including the front-end-of-line 
(FEOL) and back-end-of-line (BEOL) layers, as shown in Fig. 1.2 [12]. The FEOL is the first portion 
of ICs including individual components, such as transistors, capacitors, resistors fabricated on a 
wafer. These components are connected to each other through the stacked layer via metal 
interconnect (Al, Cu, or W) in the BEOL portion of, as shown in Fig. 1.2. This layer includes 
contacts, metal interconnects, and dielectric layers. The use of Cu as interconnection and bonding 
pad material in ICs in place of traditional Al has been extensively studied since 1997 to reduce the 
resistance of BEOL interconnects and improve the electromigration (EM) reliability based on the 
metals’ higher electrical conductivity and current endurance of Cu [1‒4]. Figure 1.3 shows 
technology regarding the use of gold wires-Cu pad bonds in an advanced packaging platform 
[10,11]. 
 Although the storage of digital data on the SMs is becoming more advanced and convenient, 
the long-term preservation of valuable data is a serious concern. A potential cause of the failures of 
long-term data storage is Cu oxidation due to moisture [13], leading to an increase in the Cu sheet 
Parameter Semiconductor memory (SM) Hard disk drive (HDD) 
Record Electrical Magnetic 
Recording system Relatively simple Mechanically complex 
Speed Faster Slower 
Size Smaller/thinner Larger 
Power consumption Lower Higher 
Cost More expensive per GB Cheaper per GB 
Capacity Smaller Bigger 
Life expectancy 
~10‒12 years 
(mean time to data loss) 
~1‒7 years 
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resistance. To avoid Cu oxidation, an impermeable thinner film coating can be applied to the Cu 




Figure 1.2. Schematic of a chip cross-section with copper interconnect including the FEOL and 
BEOL layers [12]. 




Figure 1.3. (a) Schematic of an LSI package with wire bonding [14] and scanning electron 
micrographs showing the (b) top view and (c) the cross section of gold wire bonded to the copper 
pads [15].  
 
1.4. Overall objective  
 An impermeable thin film coat on the Cu surface can potentially be used to solve the issues 
described in the previous section. Nanocarbon materials are promising candidates for such a coat on 
the Cu surface, which is used to improve the long-term resistance of Cu to oxidation due to moisture. 
Based on previous reports, research on the improvement of the Cu resistance mostly focused on the 
reliability during operation such as EM and stress-induced voiding [16,17]. However, the long-term 
storage reliability has rarely been studied and the resistance to humidity has only been reported for 
Al metallization. 
 Thus, the first aim of this work is to investigate the effects of temperature and humidity on 
the change of the Cu surface and study the characteristics of Cu oxidation. In addition, a model for 
the prediction of the Cu lifetime is proposed and factors affecting failure are discussed. 
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 To improve the long-term storage of SMs and thus preserve digital data for over 100 years, 
one must study how the Cu oxidation can be avoided. Therefore, the goal of this study is to identify 
an impermeable thin film coating for the application on the Cu surface to prevent the Cu oxidation. 
Nanocarbon materials, such as graphene and amorphous carbon (a-C) composite, are the excellent 
candidates because they have been extensively used in many applications [18‒23]. High-quality 
large-grained graphene has been adopted to investigate the intrinsic moisture barrier properties for 
coating on the Cu surface in principle and compare them with a Cu surface without coating. 
However, the deposition of large-grained graphene requires a high temperature (~1000℃), it is not 
compatible for the current state of LSI fabrication. Then, the application of a-C composite film, 
which can be deposited at room temperature, has been studied to achieve the goal. The moisture 
barrier properties of these materials are investigated and compared with a Cu surface without 
coating.  
 These studies provide promising guidelines for the improvement of the long-term reliability 
of Cu used in advanced SM devices to increase their lifetimes over 100 years for the storage of 
valuable digital data. 
 
1.5. Review of nanocarbon materials: fabrication and properties  
 According to the small atomic radius of carbon, nanocarbon materials including graphene 
and a-C composite, can be used as thin barriers in form of coating on the Cu surfaces. Figure 1.4 
shows the different structures of graphene and a-C [24]. Graphene is the first candidate, which is 
used in this work to protect the Cu surface from oxidation due to moisture because of its 
impermeability and small atom thickness. Other candidates used in this work are a-C and nitrogen 
(N)-dope a-C (a-C:N) materials. Although a-C and a-C:N materials do not exhibit a crystalline 
structure such as graphene, they have been used as diffusion barriers in other applications and are 
compatible with the thermal budget of the present fabrication process. 
 In this section, the fundamental properties and deposition methods of graphene, a-C, and a-
C:N films are introduced and the feasibility of these materials in protecting the Cu surface from 
oxidation due to moisture is discussed. 
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Figure 1.4. Structures of graphene and amorphous carbon [24]. 
 
1.5.1. Graphene  
Graphene is an allotrope of carbon (C) arranged in a two-dimensional layer of the hexagonal 
lattice (thickness of one C atom is ~0.34 nm). Graphene can be synthesized with various methods 
including mechanical and chemical exfoliation from graphite, and (thermal) chemical vapor 
deposition (CVD) from C-containing gas on a catalytic metal surface. [25‒28]. All of synthesis 
methods have their own advantages and disadvantages depending on the application. The CVD can 
be used to deposit high-quality graphene films at a relatively high temperature (~1000℃) and 
ambient or low pressure from various C precursors, such as methane, ethane, and propane, using 
catalyst metals such as Cu, Ni, and Co [28‒30].  
Graphene has been used in various applications due to its excellent properties such as the 
strength, transparency, and electronic properties, etc. Graphene sheets are stronger than steel based 
on the comparison of materials with in the same thickness and harder than diamonds [31,32]. Despite 
their strength, they are very flexible and can be stretched by up to 25% and folded [33]. They are 
highly transparent with white-light adsorption of only 2.3% [34]. Moreover, they exhibit remarkably 
high thermal and electrical conductivities [35,36]. It has been reported that the impermeability of 
graphene film prevents even the diffusion of gases [37].  
 Based on these significant properties, graphene can be used to improve the performance of 
materials and to replace conventional materials, thus driving the development of new technologies 
or industries in several fields such as electronics, food, medical, and textile industries. [38–44]. For 
example, graphene is one of the candidates for interconnect materials because of its lower resistance 
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and higher current endurance against EM compared with Cu [45,46]. It potentially can also be used 
as an atomically thin barrier against Cu diffusion in Cu interconnects to improve the reliability of 
time-dependent dielectric breakdown (TDDB) [47].  
 Based on the fact that they are impermeable and can be used as barriers against gases [37], 
graphene sheets might be appropriate thin moisture barriers for coating on Cu surfaces to prevent 
oxidation. Although the high-temperature synthesis approach of graphene is still not compatible 
with the current BEOL thermal budget, graphene samples with large grains should be deposited at 
high temperature and investigated to evaluate their potential and principle issues regarding the 
barrier. 
1.5.2. Amorphous carbon and nitrogen-doped amorphous carbon 
 The a-C is an allotrope of carbon, which form a random network. It contains a mixture 
composition of diamond-like sp3 and graphite-like sp2 bonds and the hydrogen (H) depending on 
the fabrication process, leading to difference in its physical properties. Figure 1.5 shows a phase 
diagram including different a-C types [48]. Based on the ratio of sp2/sp3 bonds in Fig. 1.5, the 
dominant sp3-hybridized bond has a high resistivity, chemical resistance, optical transparency, and 
high hardness, but is brittle [49,50]. On the other hand, the dominant sp2-hybridized bond is highly 
conductive and exhibits properties similar to those observed in graphene.  
 The a-C layer can be prepared with various methods such as magnetron sputtering from a 
graphite target, plasma-enhanced CVD, and ion beam deposition. [51‒53]. The sputtered a-C in Fig. 
1.5 has an sp2 content of up to 90% (along with sp3) and it can induce properly higher conductivity 
than those of other methods. Sputtered a-C has also been reported as a Cu diffusion barrier for 
advanced Cu interconnects [54].  
 The a-C:N can be synthesized by applying N gas flow during the a-C fabrication. The a-C:N 
has been widely studied to improve the a-C properties such as the electrical properties of the a-C 
layer used in semiconductors and optoelectronic devices and extend to a variety of other applications 
[55,56]. It has been reported that a-C:N film can be used as diffusion barrier for power device 
applications [56]. In addition, the use of an a-C:N layer as a diffusion barrier against fluorine (F) 
atoms has recently been reported based on first-principle simulations [57,58].  
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 Thus, it is an interesting candidate that may be used to prevent the Cu oxidation in this 
research. Because a-C:N can be synthesized at room temperature, it is more appropriate for the 
current chip fabrication process. 
 
 
Figure 1.5. Ternary phase diagram showing different amorphous carbon types [44].  
 
1.6. Literature review related to the objective of this research 
Regarding the humidity resistance of LSIs, lifetime tests under acceleration conditions was 
carried out on devices containing Al-based metallization, as shown below. However, there is a lack 
of lifetime tests of Cu-based metallization and a model for the prediction of the lifetime of Cu 
metallization against humidity has not been reported yet. Therefore, the Cu oxidation due to 
moisture should be studied and the Cu reliability against humidity should be improved. 
 
● D. S. Peck et al. [59] studied the effects of the temperature and humidity on the lifetime of 
Al metallization, which can be used to extrapolate autoclave testing results. They reviewed 
all data published on humidity testing over the entire stress range, both above and below 
85℃/85% relative humidity (RH) condition. Then, they established a practical model for 
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the lifetime extrapolation based on the objective that a model can be fitted all data from the 
stress conditions less than that of 85℃/85% RH. 
 
 Because Cu metallization has been studied for the use in interconnect materials in LSIs, 
including advanced SM devices [1‒4], one of the most serious concerns regarding the long-term 
reliability is Cu oxidation, as described in the previous sections. The use of a conductive thin film, 
such as graphene, coated on the Cu surface as a moisture barrier, has been proposed. By using 
conventionally synthesized single-layer graphene (SLG) on a Cu foil (CVD method), the application 
of SLG has been studied, which then was adapted to various fields. Based on the impermeability 
and stability of graphene, SLG has been reported to be an ultra-thin coating material, which can be 
used to protect the substrate from corrosion, preserving the efficiency of the product, and even 
inducing an interface diffusion resistance, as described in the literature below.  
 
● L. Nilsson et al. [60] reported the effectiveness of SLG coating on a platinum (Pt) surface 
protecting against O2 exposure. Based on experiments and simulations, they also 
demonstrated that the SLG layer remains intact, even under harsh conditions of H exposure 
at 2,000 K (1,727℃) and prevents the direct interaction between the Pt surface and H atoms. 
 
● Y. Zhao et al. [61] reported the efficiency of impermeable and transparent SLG, which was 
deposited on Cu foil using CVD and transferred to a silver (Ag) surface for optical 
applications. They reveal that SLG inhibits the corrosion of the Ag surface, including 
electrochemical reactions in salt and strong oxidizing solutions. The SLG/Ag samples 
maintained their optical properties under harsh conditions. 
 
● S. Chen et al. [62] for the first time reported the use of graphene directly grown on Cu foil 
to prevent the oxidation in air after heating at 200℃ for up to 4 h. In addition, they 
investigated the efficiency of a SLG coat on a Cu surface after exposure to aqueous solution 
of H2O2. The results indicated that only a few spots of SLG/Cu were attacked after 45 min 
H2O2 exposure and the majority of the Cu surface was still covered with SLG. They also 
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suggested further improvement of large-grained and defects-free graphene for the use in 
nanoelectronic devices. 
 
● M. Schriver et al. [63] reported anticorrosion and antioxidation surface treatments of SLG, 
which was deposited on Cu foil using CVD, used for Cu and silicon (Si) substrates. They 
found that SLG provides effective short-term oxidation protection (minutes to hours) for 
Cu and Si surfaces under heating in atmosphere at 250℃ and 185℃ and low humidity. 
Based on long-term tests, they found that O2 and H2O infiltrated the graphene through 
defects and oxidized or corroded the surface underneath the graphene. 
 
● F. Zhou et al. [64] reported that SLG deposited on Cu foil using CVD can be used for short-
term protection from oxidation under an ambient atmosphere at room temperature. They 
revealed that the SLG-coated Cu foil was inhomogeneous and the SLG grain size only 
reached a few micrometers. The corrosion of SLG/Cu could be enhanced because of the 
conductive nature of SLG. 
 
● M. Galbiati et al. [65] reported a comparative real-time study showing the evolution of Cu 
oxide in SLG/Cu and hBN/Cu foils deposited using CVD. They showed that both graphene 
and hBN coatings provide good protection against Cu oxidation over the short time (30 min 
at <250℃), The SLG coating performed better than hBN because of its higher quality. 
However, the hBN coating eventually outperformed the SLG coating in long-term tests, 
even if the grain size of SLG was larger than that of hBN. They revealed that the grain size 
of SLG is too small to inhibit Cu oxidation and that the SLG grain boundary area induces 
high Cu oxidation during long-term tests. 
 
● L. Li et al. [47] reported the multi-transfer of 1‒3 layers of SLG with a grain size of ~15 
µm, which was deposited using CVD on Cu foil as a Cu diffusion barrier for Cu 
interconnects. The test was conducted using TDDB and the results were compared with 
those obtained for a conventional TaN barrier and multilayer graphene deposited on Ni foil 
using CVD. Based on three stacked SLG layers, it indicated three times improvement of 
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the mean time-to-fail (MTTF) could be three times improved compared with conventional 
TaN. The MTTFs of the structure were shorter after reducing the transferred SLG. 
Moreover, multilayer graphene (MLG) exhibited a worse MTTF than SLG due to the higher 
density of disorders in MLG. In addition, the use of larger-grained SLG was suggested to 
further improve the Cu diffusion barrier. 
 
 Based on the identification of other conductive materials that can be synthesized at low 
temperature, a-C and a-C:N materials are interesting candidates. 
 
● B.-S. An et al. [54] reported the barrier performance of a sputtered a-C layer deposited by 
DC magnetron sputtering on SiO2 in blocking Cu diffusion into the SiO2 substrate during 
annealing at 400℃ for 10 h. They reported that a thin a-C barrier layer (0.75 nm) prevents 
Cu diffusion into the SiO2 layer. The results were confirmed using depth profiles and 
transmission electron microscopy (TEM). The results indicate a considerable improvement 
of the reliability of advanced Cu interconnects. 
 
● M. Stelzer et al. [56] reported the electrical characteristics and reliability of low-
temperature sputtered a-C and a-C:N at ~400℃ as interface materials with respect to Si and 
compare them with those of conventional TiSi‒Si contacts. Moreover, the N doping of a-C 
provided a lower resistivity and improved the stability of the a-C layer. The tests were 
conducted on a Schottky diode structure. Because the TiSi contacts had a low thermal 
stability, they could be degraded at high temperature, especially during electrostatic 
discharge, leading to the diffusion and migration of TiSi in Si. This study revealed that 
there were no diffusion of sputtered a-C and a-C:N after 109 of stress pulses. They also 
mentioned that the diffusion barrier properties of a-C make it a good alternative 
interconnect material to phase change material in 3D XPoint memories. 
 
● H. Park et al. [58] studied the application of a-C as hard mask for the future fabrication of 
integrated semiconductor devices. They reported the effects of N doping of the a-C layer 
on the diffusion of F atoms based on first-principles density functional theory calculations. 
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They reported that the F atom formed bonds to the surrounding C atom rather than the N 
atom due to the electrostatic repulsion between N and F atoms. The results indicated that 
the diffusion barriers of the F atom passing the N atom are extremely large. These large 
barriers are mainly due to the electrostatic repulsion between N and F atoms originating 
from the strong electronegativity of both atoms. These findings revealed that N doping can 
enhance the diffusion barrier against F atoms leading to the suppression of F diffusion. 
 
1.7. Aim and approach to reach the goal 
 Before improving the long-term reliability of Cu against oxidation due to moisture for over 
100 years, the effects of Cu oxidation on the sheet resistance change were studied for the entire 
stress range of the temperature-humidity storage (THS) test, ~85℃/85% RH, which is the standard 
test for electronic packages. The depth profile of the Cu oxidation was obtained using Ar+ etching 
and X-ray photoelectron spectroscopy (XPS) measurements to study the Cu oxidation 
characteristics. The change in the sheet resistance due to Cu oxidation was measured and used to 
formulate a model for the prediction of the Cu lifetime depending on the humidity, which can be 
applied to study the factors accelerating the Cu oxidation. 
 Based on the literature review described in the previous section, many researchers indicated 
the impermeability of SLG deposited on Cu foil using CVD [47,60‒65]. However, the efficiency of 
high-quality large-grained SLG has not been reported. In this work, the efficiency of large-grained 
SLG deposited on an epitaxial Cu surface using CVD is demonstrated in principle. Based on THS 
testing (at 85℃/85% RH for 25 h corresponding to ~100 years at 27℃/60% RH), it was expected 
that the higher quality and larger grain size of the SLG films will lead to the preservation of larger 
Cu surface areas compared with the commercial SLG deposition on Cu foils. In addition, a non-
uniform SLG sample with a mixed composition of a-C and SLG was investigated to study its effect 
on the Cu-oxidation by using an ellipsometer after THS testing. 
 To improve the reliability of the SLG-coated Cu surface, the application of the stacked SLG 
was studied. In this work, the multiple stacking of SLG is proposed, as double-layer graphene (DLG) 
and triple-layer graphene (TLG) to cover the grain boundaries and defects underneath the SLG. The 
DLG and TLG can be fabricated by multi-transfer methods using CVD-SLG/Cu samples. The 
Chapter 1  Introduction 
15 
efficient moisture barrier of stacked graphene was investigated after THS testing using XPS 
measurement and the results were compared with those obtained for SLG/Cu and bare Cu samples.  
 Because the high-temperature deposition of SLG is not compatible with the current thermal 
budget of the fabrication process of IC chips, a-C and a-C:N materials deposited at room temperature 
on the Cu surface were investigated after the THS test to study the moisture barrier properties of 
these films. Sheet resistance change measurements and surface morphology observations using 
scanning electron microscope (SEM) were performed. Moreover, XPS depth profiling was carried 
out to confirm the moisture barrier properties of the layer. 
 These studies provide guidelines for the improvement of the long-term reliability of Cu 
metallization used in advanced SM devices. 
 
1.8. Structure of the thesis 
 This dissertation is divided into seven chapters, as shown in Fig. 1.6, which can be briefly 
described as follows: 
 Chapter 1 consists of the general information and background including the history of 
digital data storage and critical issues leading to the objective of this research. Explanations of 
nanocarbon materials, including graphene, a-C, and a-C:N are given. In addition, several previous 
reports related to the objective are reviewed. The approach to reach the goal of this work is also 
described in this chapter. 
 Chapter 2 consists of the detailed explanations of the fabrication processes, tests, and 
analysis methods. The fabrication methods, including SLG, stacked SLG, and sputtered a-C, and a-
C:N, used in this research are described. Details of the THS testing and analysis methods, such as 
Raman, XPS, SEM, TEM, optical microscope (OM), and four-point probe method for sheet 
resistance measurement, are also provided in this chapter.  
 Chapter 3 contains the results of the XPS and sheet resistance measurement, which were 
used to study the characteristics of surface oxidation of Cu in moisture. The Cu lifetime test was 
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performed under various acceleration conditions of temperature and humidity to derive the 
acceleration parameters for the lifetime prediction model of Cu against oxidation due to moisture.  
 Chapter 4 consists of the experiments, results and discussion regarding the moisture barrier 
properties of high-quality large-grained SLG film coating on the Cu surface after THS test 
investigated by using OM and XPS. First-principle molecular dynamics simulations and calculations 
of the activation energy for the diffusion of oxygen (O) atoms through the SLG layer are also 
described in this chapter. The correlation between the SLG quality and Cu-oxide thickness was 
determined after the THS test using spectroscopic ellipsometry; a non-uniform SLG film was 
deposited on the Cu surface. 
 Chapter 5 comprises the two main experiments, that is, Raman measurement in areas with 
oxidized Cu on the SLG/Cu surface, showing that Cu oxidation occurred at SLG grain boundaries, 
XPS measurements indicating that multiple stacking of large-grained SLG films into DLG and TLG 
can protect the grain boundaries of the SLG film underneath and thus prevent the Cu oxidation 
during long-term THS test. The mechanism underlying the improvement of the resistance to 
oxidation based on first-principles simulations for overlapping graphene films are also described in 
this chapter. 
 Chapter 6 consists of the experimental results obtained for the sputtered a-C:N layer, which 
can be deposited at room temperature as a barrier against Cu oxidation after THS test. The efficiency 
of the moisture barrier was investigated using OM, SEM, TEM, and XPS measurements after Ar+ 
etching to obtain XPS depth profiles. The potential mechanisms of a-C:N layer against O diffusion 
are also discussed in this chapter. 
 Chapter 7 summarizes all results of this research. The conclusions are drawn. Future 
prospects of this work are also provided. 
 All references are listed at the end of each chapter.  




Figure 1.6. Flowchart of the dissertation  
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CHAPTER 2 
FILM DEPOSITION, TEST, AND METHODOLOGY 
 
2.1. Overview  
 The main aims of this study were to investigate the Cu-surface oxidation under accelerated 
Cu-oxidation conditions depending on both the temperature and humidity and demonstrate the 
moisture barrier properties of graphene and a-C:N respectively, as introduced in the previous 
chapter, in preventing Cu-oxidation. In this chapter, the research methods are described including 
the thin-film deposition, which was used for Cu and a-C:N sputtering; CVD of SLG, DLG, and 
TLG; THS test, and methodological theories. 
 
2.2. Fabrication methods 
2.2.1. Substrates cleaning 
 Two types of substrates were used for the deposition of thin films in this work: SiO2/Si and 
Al2O3. To study the Cu oxidation and moisture barrier properties of the a-C coat on the Cu surface, 
SiO2/Si was used as sample substrate for the deposition of the Cu film layer. The cleaning procedure 
used for the SiO2/Si substrate is described below. To demonstrate the efficiency of SLG in 
preventing Cu oxidation, an Al2O3 substrate was used for the growth of an epitaxial Cu layer. 
Subsequently, large-grain SLG was synthesized on top of the Cu surface on the Al2O3 substrate after 
cleaning by Ago group (Kyushu University). 
 Cleaning of the SiO2/Si substrate before the deposition of the Cu film: 
1) Soaking of the substrate in a liquid containing sulfuric acid (H2SO4):hydrogen peroxide 
(H2O2), with a 4:1 volume ratio, and shaking for 10 min 
2) Dipping in ultrapure water (twice) to remove chemicals 
3) Soaking the substrate in a beaker with ultrapure water and ultrasonication for 5 min 
4) Removal of surface water using a N2 gas gun 
5) Baking at ~100℃ for 10 min 
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2.2.2. Magnetron sputter deposition 
 Magnetron sputter deposition has been widely used for the deposition of thin films of a 
variety of materials, such as metals, semiconductors, ceramics, and insulators, on different 
substrates. During the deposition, atoms are ejected from the target surface by bombarding it with 
Ar+ gas at low pressure. Two magnetron sputtering methods were used in this work: direct current 
(DC) magnetron sputtering and radio frequency (RF) magnetron sputtering. The schematic diagram 
of the DC/RF magnetron sputtering system is shown in Fig. 2.1. 
 The DC magnetron sputtering can be used for all conductive targets. As shown in Fig. 2.1, 
the negative probe of a DC power supply is connected to the conductive target, which serves as the 
cathode. The substrate side acts as the anode. In a low-pressure Ar atmosphere, Ar+ ions are 
generated and accelerated towards the target (cathode) to eject atoms from the target surface. The 
sputtered atoms move towards the substrate on the opposite side and are deposited, leading to the 
formation of a thin film on the substrate surface. A magnetic field generated by a permanent magnet 
can be used to enhance the ion bombardment and sputtering rate of the system. 
 The advantage of RF magnetron sputtering is that a thin film can be deposited on both 
conductive and insulating targets. Because the deposition on insulating materials requires a very 
high voltage to maintain the discharge between the electrodes, it is impossible to use DC sputtering. 
A high-frequency alternating current (13.56 MHz) is applied between the cathode and anode to 
provide induce electron oscillation and thus ionizing collisions and a self-sustained discharge (Fig. 
2.1). A matching network is used to optimize the power transfer from the RF source to the plasma. 
Because of the higher mobility of electrons compared with Ar+ ions, the electrons will reach the 
target surface fast during the positive half-cycle of the AC signal. Subsequently, the target will be 
negatively self-biased and induce the Ag+ ions to form like a shell in front of the target. These Ar+ 
ions bombard the target to eject atoms from its surface during the negative half-cycle, which results 
in the deposition of atoms on the substrate. 
 In this work, both DC and RF magnetron sputtering were used for Cu and a-C:N deposition 
under different conditions, as described below. 
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Figure 2.1. Schematic diagram of DC/RF magnetron sputtering system [1].  
 
2.2.2.1. a-C, a-C:N, and Cu sputtering on SiO2/Si substrate 
 Firstly, 100 nm thick Cu was deposited on a SiO2/Si substrate at a power of 300 W in an Ar 
atmosphere (~0.6 Pa) using DC magnetron sputtering (Shibaura Mechatronics Co., Ltd., CFS-4EP-
LL). Subsequently, a-C was deposited on a Cu surface at a power of 300 W in an Ar atmosphere 
(~0.6 Pa) using RF magnetron sputtering. In the case of N doping, a-C:N was deposited in an Ar–
N2 atmosphere. The a-C and N concentrations were controlled by changing the flow rate of the Ar 
and N2 gases. The experiment conditions are described in detail in Chapter 6. 
2.2.2.2. Cu sputtering on an Al2O3 substrate in preparation of graphene growth 
 The sample for the sputtering of Cu on an Al2O3 substrate was prepared by the Ago group 
(Kyushu University). A 1000 nm thick Cu film was deposited on an Al2O3 substrate by using RF 
magnetron sputtering (Shibaura Mechatronics Co., Ltd., CFS-4ES) with a power of 300 W in an Ar 
atmosphere (~0.6 Pa) [3]. 
Chapter 2  Film deposition, test, and methodology 
  25  
2.2.3. Deposition and transfer of SLG 
 After the fabrication of a Cu film on the Al2O3 substrate, large-grain SLG was deposited by 
the Ago group (Kyushu University). The CVD of SLG is similar to the method described in a 
previous report [2‒4]. After the fabrication of an epitaxial Cu film by sputtering, the sputtered Cu 
film was inserted into a horizontal quartz tube. The substrate was then heated up and annealed for 
40 min at ambient pressure, 1000℃, and a gas flow of H2/Ar. Subsequently, the temperature was 
raised from 1000℃ to 1075℃ in 20 min and CH4 gas (10 ppm) was introduced to the quartz tube 
for 90 min as a C precursor for the SLG synthesis. The sample was then rapidly cooled down to 
room temperature by removing the sample holder from furnace with a magnet handle under H2/Ar 
flow. 
 The preparation of stacked graphene layers and transfer of SLG are similar to those described 
in a previous report [3,5,6] and performed by Ago group (Kyushu University). The transfer of SLG 
onto SLG/Cu as BLG/Cu is schematically shown in Fig. 2.2. The SLG/Cu surface was covered with 
polymethyl methacrylate (PMMA) by spin-coating. Thermal tape (Revalpha, Nitto Denko) was 
attached to the PMMA surface. The Cu film was then dissolved in aqueous FeCl3/HCl solution. 
Subsequently, the thermal tape/PMMA/SLG composite was washed with deionized water and 
transferred onto the surface of another SLG/Cu sample. Finally, the thermal tape and PMMA were 
removed using acetone, leading to the formation of a BLG film on the Cu surface. Note that the 
transfer process of TLG or SLG onto the SiO2/Si substrate was the same as that described above for 




Figure 2.2. Schematic of the transfer of SLG onto SLG/Cu as BLG/Cu. 
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2.3. Temperature humidity storage test 
The temperature and humidity chamber (Fig. 2.3) was used to test the resistance of Cu to 
oxidation due to humidity under accelerated temperature and humidity conditions. The chamber 
contains a refrigerator, heater, and humidifier, which were used to create accelerated test conditions. 
The temperature and humidity chamber (ESPEC, SH-242) is an important apparatus, which 
was used to conduct the THS test in this work to evaluate the long-term reliability of Cu in terms of 
protection against oxidation due to humidity. Humidity in terms of % RH is the relative ratio 
between the actual moisture in the air and amount of saturated moisture at the given temperature. It 
is a common parameter used when the real effect of humidity is considered. For absolute humidity 
|RH|, mostly expressed in the unit of g/m3, it refers to the actual moisture present in air, regardless 
the temperature. In this THS chamber, various temperature and % RH conditions were set. The 
temperature and humidity were increased to achieve the target conditions, as listed below. A typical 
temperature–humidity profile (85℃/85% RH) is shown in Fig. 2.4. 
1) First, the samples are placed on the grate inside the chamber. 
2) To set the THS conditions, the target temperature is divided into 7 steps (starting from 
~30℃) and the humidity is divided into 3 steps (starting from step 5, ~65% RH). 
3) From steps 1‒6, the operating time is set to 15 min/step. During each step, the 
temperature and humidity are continuously increased. 
4) The soak time starts at step 7 (required THS test time). The THS test time is set to count 
down after the target conditions are reached. The samples are soaked under these 
conditions until the time limit is reached. 
5) The conditions to cool and dry the chamber (25℃/25% RH) before removing the 
samples are set. 
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Figure 2.3. Temperature and humidity chamber. 
 
Figure 2.4. Steps used to increase the temperature and humidity to achieve the target conditions 
(85℃/85% RH). 
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2.4. Methodology 
2.4.1. Raman spectroscopy 
Raman spectroscopy is a practical tool that can be used to quickly measure the vibrational 
energy modes of molecules. It relies upon the inelastic scattering of photons. When the laser light 
interacts with molecular vibrations, photon scattering is induced and the energy levels of the 
scattered photons are shifted up or down. The changes in the energy levels of the scattered photons 
provide information about the vibrational modes, as shown in Fig. 2.5. In the vast majority of 
scattering events, laser photons are scattered at the same energy. The incident photons are called 
“elastic or Rayleigh scattering.” Raman scattering is an inelastic scattering process, which is based 
on the transfer of energy between the molecule and scattered photon. If the molecule gains energy 
from the scattered photon, the scattered photon will have a lower energy than the incident photon, 
resulting in a longer wavelength (“Stokes”). Contrarily, if the scattered photon gains energy from 
molecules, the final energy state will be lower than the initial state and the wavelength of the 
scattered photon will be lower (“Anti-Stokes”). The frequency range of the Stokes and anti-Stokes 
lines is the same. Raman measurements are mostly used to observe the Stokes shift. 
 
 
Figure 2.5. Energy level diagram showing Rayleigh and Raman scattering (Stokes and anti-Stokes 
lines) [7]. 
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In this work, Raman spectroscopy was used to measure the characteristics of the graphene 
film. The Raman spectrum exhibits two main peaks, which are the G and 2D bands at 1587 and 2680 
cm-1, respectively. An additional peak, that is, the defect-related D band, appears at ~1350 cm-1 
when the carbon lattice has defects. 
 
 The G band is located at ~1587 cm-1. The band corresponds to the in-plane vibrational mode 
of sp2 hybridized carbon atoms. The increase in the G band intensity is due to the higher 
number of graphene layers. However, the number of graphene layers is determined by 
investigating the intensity ratio of the G and 2D bands. 
 
 The D band, disorder mode, is located at ~1350 cm-1. It corresponds to the breathing mode 
of sp2 hybridized carbon rings. The D band originates from a hybridized vibrational mode 
associated with defects in the graphene structure or at the graphene edges (disconnection in 
the carbon network). The intensity of the D band is typically high if the carbon lattice 
contains many defects, which explains why the D band is generally used to determine the 
quality of graphene sheets [8]. 
 
 The 2D band, the second-order D band, is located at ~2680 cm−1. It is the result of a two- 
phonon lattice vibrational process. It is independent of defects or graphene edges. The 
intensity of the 2D band is always strong in graphene and can be used to determine the 
number of graphene layers in comparison with the G band. The relative intensity ratio of the 
2D/G bands of SLG is >2 and decreases for multilayer graphene and graphite. 
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Table 2.1 Different Raman modes and their significance. [8] 
Mode Position (cm-1) Significance 
G ~1587 
The G band originates from the stretching of the 
C‒C bond in graphitic materials. 
D ~1350 
This band is associated with defects in the 
graphene structure or at the graphene edges. 
2D ~2680 
This is the second-order D band. It is always 
strong in graphene and can be used to determine 
the number of graphene layers. 
 
2.4.2. X-ray photoelectron spectroscopy  
 The XPS is a surface characterization technique used to quantitatively determine the atomic 
composition at an analysis depth of ~1‒10 nm. The XPS is conducted under ultra-high vacuum 
conditions (~10−9 mbar). A sample surface is irradiated with monochromatic x-rays, resulting in the 
emission of photoelectrons with energies that are characteristic of different elements, as shown in 
Fig. 2.6. During the measurement, the kinetic energy of the electrons that are emitted from the top 
of the material is recorded and used to create a XPS spectrum. The energies and intensities of the 
photoelectron peaks are used to identify and quantify the surface elements. The measured kinetic 
energies can be converted to binding energies by using the equation below: 
Eb = Ep – Ek – ϕ      (1) 
 
where Eb is the binding energy of the electron, Ep is the energy of the X-ray photons, Ek is the kinetic 
energy of the emitted photoelectron, and ϕ is the work function depending on the material and 
spectrometer. 
 Different Cu-oxidation states and different C‒C and C‒N bond concentrations were 
identified with XPS (AXIS-Ultra DLD, Shimadzu) in this work. The binding energy of each 
chemical bond is described in Table 2.2. Based on XPS measurements after each cycle of Ar+ ion 
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Figure 2.6. Photoemission process in XPS [12]. 
 
Table 2.2. Binding energies of the chemical bonds for Cu 2p and C 1s in XPS [13-20]. 
Binding energy (eV) Bond 
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2.4.3. Spectroscopic ellipsometer  
The spectroscopic ellipsometer (SE) is used to measure the relative change in the polarization of 
light reflected by the sample surface. It is useful to determine the optical properties and film 
thickness of the sample based on measuring the top surface. Figure 2.7. shows the general SE 
principle. The oblique incidence of polarized light, which has a single wavelength, is directed onto 
the sample surface. The incidence plane is perpendicular to the sample surface. It contains a vector, 
kin, which points to the propagation direction of the incident light. Vector kin is perpendicular to the 
electric (E) and magnetic (B) fields of the light wave. The two components of E, that is, α and π, are 
perpendicular and parallel to the incidence plane, respectively. The polarization of the reflected light 
(“elliptically polarized light”) differs from that of the incident light. This means that the amplitude 
and phase of the π and σ components of E also change. 
 The data obtained with the ellipsometer are two ellipsometric parameters: ψ and ∆. The 






πi tan      (2) 
where ρπ and ρσ are the intensities of π and σ, respectively, after the reflection; tan(ψ) is related to 
the amplitude change upon reflection; and Δ is the phase shift.  
 
Figure 2.7. General principle of ellipsometry [21]. 
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In this work, the SE (UVISEL™2) was used to determine the correlation between the SLG 
quality and Cu-oxide thickness in the collaboration with Horiba Techno Service. However, these 
data cannot be directly obtained from the ellipsometric parameters. The potential model structure of 
the measured sample and optical properties of each layer must be determined. The best fit between 
the model and measured parameters is estimated from the mean squared error (MSE). If the MSE is 
low, the obtained parameters can be used to determine the film thickness and optical parameters of 
the sample. 
2.4.4. Optical microscopy  
 An OM is commonly used to magnify an object. It contains at least two lenses. Figure 2.8 
shows the basic configuration of an OM. An excitation filter is used to allow only a small wavelength 
range of the light source to pass. A dichroic mirror then reflects the excitation light (blue) onto the 
sample and, at the same time, allows the emission of light (longer wavelength than blue) reflected 
by the sample surface to pass through the emission filter. The emission filter separates the excitation 
from the emitted light before the light reaches the detector.   
 An OM was used in this work to observe the change of the surface color between Cu with 
and without barrier after the THS test. 
 
Figure 2.8. Basic construction of OM [22] 
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2.4.5. Scanning electron microscope  
 The SEM is used to observe the sample surface. When the surface of a sample is irradiated 
with an electron beam, secondary electrons will be emitted from the surface. The surface 
morphology can be determined by the two-dimensional scanning of an electron beam over the 
surface and detection of secondary electrons. The basic configuration of a SEM is shown in Fig. 2.9. 
The SEM requires an electron gun, condenser lens, and objective lens. The scanning coil is used to 
scan the electron beam over the sample surface along the x- or y-axis. Secondary electron detectors 
are used to detect secondary electrons emitted from the sample surface. An image is obtained by 
collecting the secondary electrons. The inside chamber must be kept under a high vacuum of 10−3–
10−4 Pa. 
 The SEM (JSM-7610F) was used in this work to observe the morphology of the a-C:N 
surface before and after the THS test. 
 
 
Figure 2.9. Basic configuration of a SEM [23]. 
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2.4.6. Transmission electron microscopy  
 In TEM, transmitted electrons (electrons passing through the sample) are used to create an 
image. It can be used to determine the composition of small samples with near-atomic resolution. 
The basic configuration of a TEM is shown in Fig. 2.10. The electron gun, condenser lenses, and 
condenser aperture are used to produce a small electron beam. The electron beam is transmitted 
through the sample. The objective lens is then used to focus the transmitted electron beam and create 
the image. The image is enlarged by the column of intermediate and projector lenses. The 
magnification can be adjusted to obtain a good image on the screen.  
 The TEM was used in this work to observe the thickness the a-C:N layer under various 
sputtering conditions. 
 
Figure 2.10. Basic configuration of a TEM [24]. 
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2.4.7. Four-probe method 
 The four-probe method is a primary technique used to measure the sheet resistance. The 
basic configuration of this tool is shown in Fig. 2.11. It consists of four electrical probes set up with 
equal spacings between each probe. A current (I) is applied to the two outer probes and the voltage 
(V) between the two inner probes is measured. The sheet resistance (RS) is calculated using the 






      (3) 
Note that this equation is valid for measuring a thin film with a thickness that is smaller than 40% 
of the probe spacing. In addition, the lateral dimensions of the sample should be sufficiently large 
to avoid unreliable measurement results. 
 The four-probe method was used in this work to detect the formation of Cu-oxide after the 
THS test by measuring the increase in the Cu sheet resistance.  
 
Figure 2.11. Schematic diagram of a four-point probe. 
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CHAPTER 3 
COPPER SURFACE OXIDATION  
AND ITS EFFECTS ON SHEET RESISTANCE 
 
3.1. Introduction 
 As describe in chapter 1, the long-term storage reliability of Cu against oxidation has become 
a serious concern [1–3]. Therefore, the process of reliability test under acceleration conditions is 
becoming an important method conducted to evaluate the Cu reliability against oxidation due to 
moisture. 
 To test the reliability of Cu metallization against oxidation, various acceleration conditions 
of THS test should be adopted to understand the failure mechanism of the Cu. Moreover, the effects 
of Cu oxidation as such the change of Cu sheet resistance depended on the remaining Cu thickness 
should be investigated to determine the Cu lifetime. Results of Cu sheet resistance change can be 
obtained in a short time after the THS test, then, it can be estimated to establish a model of lifetime 
prediction of Cu. Because the conventional models of a lifetime prediction are mostly based on the 
test results of conventional Al-based metallization [4,5], the prediction model for Cu metallization 
is required. 
 In this chapter, the characteristics of Cu oxidation and its effects under the accelerated 
conditions of the THS test were studied by sheet resistance measurement and XPS. The XPS 
measurement was performed to investigate the different amounts of Cu2O and CuO on the Cu 
surface. The XPS depth profiling was carried out to confirm the results of sheet resistance change. 
At the end of this chapter, a sample model for prediction of Cu lifetime is proposed based on the 
measured sheet resistance. 
 
3.2. Experimental methods 
In this work, two main experiments were performed: the first one is to investigate the Cu 
oxidation behavior depending on the standard THS test and the other one is to investigate the 
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characteristics of Cu oxidation at use conditions and also establish the lifetime prediction model, 
respectively. For preparation of Cu samples, 100-nm-thick Cu film was deposited on SiO2/Si 
substrate using DC magnetron sputtering at 200°C to complete the Cu grain growth for stabilizing 
the initial sheet resistance. To measure the change of Cu sheet resistance, two Cu samples with 2×2 
cm in size were prepared for each THS test.  
In the first experiment, THS test was performed under the conditions of 85°C at the range of 
humidity of 75, 85, and 95% RH by covering the standard condition (85°C/85% RH). The sheet 
resistance of each sample was measured using four-point probe method before and after 25, 50, and 
100 h of THS test. Each value of Cu sheet resistance was normalized by its initial value, which was 
measured before the THS test. Then, the Cu oxidation behavior among these tests were identified 
by XPS (AXIS-Ultra DLD, Shimadzu) with ~110-μm diameter of Al X-ray source (1486.6 eV) 
measured after 100 h of the THS test. 
In the second experiment, steps of sample preparation are the same as those of the first 
experiment, but the conditions of THS test are changed appropriately to obtain the results 
corresponding to the spontaneous behavior in use conditions at lower temperature and humidity. 
Two groups of THS tests: the temperature dependence (85, 75, and 65°C, at fixed 75% RH) and the 
humidity dependence (75, 65, and 55% RH, at fixed 85°C) were studied. Temperature and humidity 
conditions can express in terms of dew-point temperature (Td) and vapor pressure (e) using equation 
(1) and (2), respectively. Dew point is the temperature at which a sample of air must be cooled down 
to become complete saturation or reach 100% RH. The environmental vapor pressure is the 
saturation vapor pressure at the dew point. The summary of THS test condition expressed in terms 
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Dew point, Td 
(℃) 





75 68.29 29.03 
65 58.71 18.82 
 





Dew point, Td 
(℃) 
Vapor pressure, e 
(kPa) 
85 
75 77.85 43.58 
65 74.41 37.77 
55 70.50 31.96 
  
 The change of Cu sheet resistance in various acceleration conditions was measured before 
and after 25, 50, 100, and 200 h of the THS test by a four-point probe method. Each value of Cu 
sheet resistance was normalized by its initial value, which was measured before the THS test. 
 The oxidation of the Cu surface was investigated by using XPS after 200 h of THS testing. 
The relative composition of Cu2O and CuO was evaluated from the Cu 2p XPS spectrum after 
background subtraction. Depth profiling method was carried out [6−8] to investigate the different 
thickness of the oxidized Cu layer for supporting the different change of Cu sheet resistance. Every 
10 s of etching, O 1s, Cu 2p, and Cu LMM spectra were investigated and recorded the relative atomic 
concentration ratios of O to Cu to obtain the depth profile of each sample. Cu LMM Auger spectrum 
was analyzed to distinguish between the metallic Cu and Cu2O layers.  
 For the Cu lifetime prediction model, it has been proposed based on the Peck’s model with 
using the correlated statistical analysis for lifetime acceleration. Then, the accuracy of the proposed 
model is estimated statistically and the significant parameters for predicting a lifetime are also 
suggested. 
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3.3. Results and discussion 
3.3.1. Results of experiment 1:  
3.3.1.1. Normalized sheet resistance change depending on accelerated humidity 
 Figure 3.1 shows the evolution of normalized sheet resistance (R) of each sample measured 
after 25, 50, and 100 h of THS test under the conditions of 85℃ at various relative humidity of 75, 
85, and 95% RH. It displays that R rapidly increased after the first 25 h due to the reduction of Cu 
thickness resulting from the Cu oxidation. The increasing rate of R successively decreased after 50 
and 100 h and it indicates that the further reduction of Cu thickness became slower than that of the 
initial 25 h. The highest R change was obtained as expected with the condition of the highest 
humidity as 95% RH at fix 85℃. However, there was no clear difference in the sheet resistance 
change between 75 and 85% RH at fix 85℃, as indicated in Fig. 3.2. 
 
Figure 3.1. Normalized sheet resistance of the first experiment measured before and after 25, 50, 
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Dark point : sample no. 2
No clear difference 
between 75 and 85% RH
at 85℃




Figure 3.2. Comparison of normalized sheet resistance after 100 h of THS test, indicating nonlinear 
dependence on the humidity. 
 
3.3.1.2. XPS analysis for the nonlinear dependence on the humidity 
 To investigate the reason for the nonlinear dependence on the humidity between 75 and 85% 
RH at 85℃, Cu 2p and O 1s XPS results were adopted to analyze the relative atomic concentration 
ratios of O to Cu measured on each sample surface after 100 h of the THS test, as shown in Fig. 3.3. 
It indicates that the relative O to Cu ratios linearly increase with the highly accelerated humidity. 
Since the relative increase of O content is according to the increase of moisture, the nonlinear 
behavior of the sheet resistance change could not be explained by analysing only the O to Cu atomic 
concentration ratios. It implied some structural changes in the oxidized Cu layer. Then, further 
analysis on Cu 2p XPS spectra was analyzed to identify what kind of oxidation state was formed on 
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Figure 3.3. O/Cu atomic concentration ratios measured after 100 h of THS test, indicating the O/Cu 
ratios linearly increase with humidity. 
 
 Figure 3.4 shows the Cu 2p XPS spectra and the Cu (2p3/2) curve fitting to distinguish 
between Cu(I) in Cu2O and Cu(II) in CuO peak located at the binding energy of ~932.5 and ~933.6 
eV [9‒12], respectively. The propotions of Cu(I) and Cu(II) are different for these three different 
conditions of humidity at the same temperature. Cu 2p spectra shows the highest content of Cu(I) at 
95% RH and it successively reduces in lower humidity which is contrasted with the increase of 
Cu(II). Comparing between the 85 and 75% RH, Cu(II) content becomes the dominant structure in 
oxidized Cu layer at 85% RH while Cu(I) becomes the dominant structure at 75% RH. Based on the 
results of XPS and the nonlinear change of R, they indicate the regular change of Cu-oxide state in 
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Figure 3.4. Cu 2p XPS spectra measured after 100 h of THS test under the conditions (a) 75% RH, 
(b) 85% RH, and (c) 95% RH at 85°C. 
 
 The results imply a potential cause of this issue that may relate to the relative volume of 
Cu2O and CuO formation. It is possible that the different dominant structures of Cu oxidation among 
these two cases (85 and 75% RH) may consume almost the same amount of Cu, according to almost 
the same range of R for both cases (Fig. 3.2).  
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 To prove this hypothesis, further analysis was carried out for considering the change in the 
relative volume during Cu-oxide formation and describe the nonlinear behavior between these two 
cases (85 and 75% RH) based on the hypothesis above. 
3.3.1.3. Mechanism for the nonlinear dependence of normalized sheet resistance change.  
 To explain the phenomena based on the hypothesis above, the structural change from Cu 
into Cu2O and CuO and their relative volume are considered in detail, as described below. There are 
two potential reactions of Cu oxidation. In the air atmosphere, Cu surface is oxidized by O atom 
from O2 to form the Cu oxidation as the dry corrosion. This reaction immediately occurs when Cu 
surface was exposed to air, as shown in the following reactions (3) and (4).  
4Cu + O2 → 2Cu2O           (3) 
 
2Cu2O + O2 → 4CuO                      (4) 
Moreover, the wet corrosion can occur during the high humidity test where the relative humidity is 
higher than 60% RH [13]. In this reaction process, Cu is oxidized by O atom from H2O to form the 
Cu oxidation, as shown in the following reactions (5) and (6).  
2Cu + H2O → Cu2O + H2           (5) 
 
Cu2O + H2O → 2CuO + H2                      (6) 
Cu surface was rapidly oxidized by O atom to form the first oxidation state as Cu2O, and further 
oxidation by O atom provided the second oxidation state as CuO. The relative volume of Cu, Cu2O, 
and CuO in a chemical reaction can be explained by the relationship, as in (7). 
  NiVi = NpVp (7) 
where i and p are the initial substance and product of reaction. N is the number of moles in a chemical 
reaction. V is the substance volume per a mole.  
 Based on the potential reactions above, the mole ratios, which mean the coefficients in a 
balanced equation between reactants and products involved in a chemical reaction, for the 
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relationship of Cu:Cu2O:CuO are 2:1:2. Relative volume of Cu, Cu2O, and CuO are 7.09, 23.85, and 
12.60 cm3/mol [14,15], respectively. The change of relative volume related to the structural change 
from the Cu to Cu2O and CuO, respectively, as summarized in Table 3.3.  
 It indicated that Cu film thickness was reduced to form the thicker Cu2O layer as resulting 
the increase of R. During the Cu oxidation stage change, the relative volumes among the structural 
change from Cu2O to CuO were not significant different based on almost the same volume ratios 
(Table 3.3) between Cu2O and 2CuO products. These results correspond to the nonlinear change of 
R for the different cases of 75 and 85% RH in spite of the linear increase of O/Cu atomic 
concentration ratios. 
 According to the above discussion and Table 3.3, the nonlinear dependence of R change on 
the humidity between 75 and 85% RH at 85℃ can be explained, as schematically shown in Fig. 3.5. 
While Cu was oxidized by O atoms to form the Cu2O layer, the Cu film thickness continually 
decreased and affected the increase of R, corresponding to the results of low humidity at 75% RH. 
The CuO formation was considered to become more dominant in the Cu-oxide layer for higher 
humidity as 85% RH, leading to a higher O/Cu ratio. Because of the similar atomic volumes between 
Cu2O and 2CuO (Table 3.3), they affected a similar change of R. 
Table 3.3. Relative volume relates to the structural change of Cu and Cu-oxide. 
 
Topic Relationship 
Chemical relation Cu Cu2O CuO 
Mole ratios 2 1 2 
Relative volume (cm-3) ~14.18 ~23.85 ~25.2 
Relative volume ratios 1 1.68 1.78 
  
 Regarding the nonlinear change of R as described above, the appropriate acceleration 
condition of the THS test to establish the Cu lifetime prediction model should be performed at the 
condition of 85℃/75% RH and lower to avoid the rapid change of Cu oxidation stage which was 
taken at the humidity higher than 85% RH and to obtain the results which correspond to the 
spontaneous behavior in the air at use condition, as expressed in the second experimental. 




Figure 3.5. Proposed model to explain the difference of Cu-oxide structure between 75 and 85% 
RH. 
 
3.3.2. Results of experiment 2:  
3.3.2.1. Normalized sheet resistance depending on temperature and humidity 
Figure 3.6 shows the time evolution of R under the various accelerations of THS test. The R 
rapidly increased after 25 h of the THS test. The increasing rate of R successively reduced after 100 
h, and it indicates that the formation rate of oxidized Cu became slower than that of the initial 25 h. 
Comparing the dependencies between temperature and humidity, the results indicate that R increased 
with increasing both temperature and humidity, but it was more sensitive to the temperature than 
humidity.  
 Consideration in terms of vapor pressure dependence, R increases with increasing vapor 
pressure. These results are consistent with the previous report of J.-P. Wang group (Fig. 3.7) as 
showing the increasing rate of Cu oxidation with increasing water vapor pressure [16]. It is probably 
due to the increased Cu vacancies in Cu2O leading to the increasing rate of Cu oxidation through 
these vacancies. 
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Figure 3.6. Time evolution of the normalized sheet resistance (R) during THS test under the 
acceleration conditions of temperature and humidity dependence tests or vapor pressure (in kPa). 
 
Figure 3.7. A previous report of parabolic rate constants (kp) showing in terms of weight change 
per area per time (mg2cm-4h-1) during Cu-oxide formation with water vapor pressure (pH2O, atm) 
[16]. 
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3.3.2.2. Difference of Cu-oxide thickness determined by XPS depth profiles  
 XPS depth profiling was carried out to measure the thickness difference of Cu-oxide layer 
under the various acceleration conditions of THS test for supporting the evolution of R. The variation 
of O/Cu atomic concentration ratios was estimated from the recorded Cu 2p and O 1s spectra 
measured on the top surface and after each cycle of Ar+ etching. Figure 3.8(a–b) shows the XPS 
depth profiles by plotting the O and Cu atomic concentrations as the function of etching time for all 
conditions of the temperature and humidity dependence tests. Typical spectra “A” to “D” [Fig. 
3.8(a–b)] were determined from the measurement position during etching, i.e. “A” measured on the 
top surface before etching, “B” after the first etching, “C” among Cu2O/Cu interface, and “D” after 
the final etching. The presence of Cu2O + Cu and CuO was shown in Fig 3.9(a). In order to determine 
the relative position of Cu2O/Cu interface, Cu LMM Auger spectrum was continually investigated 
after each Ar+ etching cycle until the metallic Cu peak appeared in the similar intensity with Cu2O 
peak, as shown in Fig. 3.9(b) spectrum “C” [7]. In the case of temperature dependence test, results 
of depth profiles [Fig. 3.8(a)] confirm that the growth of the Cu2O layer, which was indicated by the 
different positions of Cu2O/Cu interface, corresponding to the increase of R (Fig. 3.6) under THS 
test. Moreover, depth profiles for the humidity dependence test [Fig. 3.8(b)] reveal that Cu2O 








Figure 3.8. XPS depth profiles of (a) temperature and (b) humidity dependence tests.  
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Figure 3.9. Comparison of (a) Cu 2p and (b) Cu LMM spectra indicating Cu2O+CuO of the top 
surface (“A”), dominant Cu2O after the first etching (“B”), Cu2O+Cu at the interface (“C”), and Cu 
at the final etching (“D”), respectively. All measured locations are also indicated in Fig. 3.8. 
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3.3.2.3. Mechanism for normalized sheet resistance saturation with longer THS time  
 Beyond the investigation of Cu-oxide thickness, which directly affects the evolution of R 
under THS test as described above, further XPS analysis was carried out to investigate the reason 
for R saturation under these THS conditions. Figure 3.10 shows the relative composition of Cu(II) 
in CuO and Cu(I) in Cu2O estimated from Cu 2p curve fitting of each sample surface after 100 and 
200 h of THS testing. Comparing the CuO and Cu2O compositions from 100 to 200 h, CuO was 
increased continually after long-term test in contrast with the decrease of Cu2O. In addition, the 
results of CuO have an increasing trend in contrast with the decreasing trend of Cu2O from the low 
to high acceleration conditions of the THS test. They implied the change of oxidation state from 
Cu2O to CuO with increasing temperature, humidity, and period of THS test. After 200 h of THS 
testing, CuO became the dominant structure on the top surface for temperature dependence test of 
75℃ and 85℃ [Fig. 3.10(a)], corresponding to the increasing rate of R was reduced after longer 
THS test time (Fig. 3.6). On the other hand, linear increase of R for 65℃ case (Fig. 3.6) 
corresponded to the dominant structure of Cu2O, as shown in Fig. 3.10(a). In addition, CuO became 
the dominant structure in humidity dependence test [Fig. 3.10(b)], which was induced by 
temperature at 85℃, and the increasing rate of R was also reduced after long-term test (Fig. 3.6).  
 Figure 3.11 shows the schematic model to explain the variation of Cu-oxidation state in 
agreement with the evolution of R during the THS test under the low to high acceleration conditions 
of temperature and humidity based on the XPS analysis results, as described above. 
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Figure 3.10. Relative compositions of Cu(II) in CuO and Cu(I) in Cu2O estimated from the curve 
fitting in Cu 2p spectra, showing time dependence from 100 to 200 h of THS test for (a) temperature 
and (b) humidity dependence tests, respectively. 
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Figure 3.11. Schematic model based on XPS analysis results to explain the variation of Cu-oxide 
thickness under various acceleration conditions of THS test. 
 
3.3.2.4. Cu lifetime prediction model 
 With using the results of experiment 2, Cu lifetime prediction model including the R 
saturation has been formulated by fitting the observed data of R based on the following models: the 
power-law time-dependent, the Arrhenius temperature-dependent, and the power-law humidity-
dependent models [17,18], respectively, as in equations (8) to (10). Here, t and n in equation (8) are 
THS test time (h) and the power-law’s exponent, respectively. Ea, k, and T in equation (9) are the 
activation energy (eV), the Boltzmann's constant, and temperature (K), respectively. RH and m in 
equation (10) are relative humidity and the power-law’s exponent, respectively. The total model is 
shown in equation (11). 
  
ntR            (8) 
 









R aexp                    (9) 
 
 
Chapter 3 Cu surface oxidation and its effects on sheet resistance 
56 
  
mRHR            (10) 
 









tnR a          (11) 
From fitting the observed data of R with the total model by the regression analysis method, the 
prediction model of Cu lifetime has been obtained, as shown in equation (12). According to Fig. 
3.12, lifetime prediction by the proposed model provides well agreement with observations. The 
coefficient of determination (R2), which is the square of the Pearson's product-moment correlation 
coefficient [19], is 0.984. The root-mean-square error (RMSE) value (~0.006) is very satisfactory. 
It means that the proposed model has been reasonably estimated. Although the increasing rate of R 
was reduced after 100 h of THS test (Fig. 3.6) due to the dominant structure of CuO formed in place 




Figure 3.12. Correlation between observation and prediction of normalized sheet resistance (R), 
indicating very good accuracy of the proposed prediction model. 












)0.056ln()0.039ln(1.708exp         (12) 
In order to compare the significant parameters (m and Ea) with those of other failure factors, it should 
be deformed to the form of normally used time-to-failure (TTF) based equation as the Peck’s model, 
as shown in equation (13). Here, A0 is arbitrary scale factor. The values of m and Ea from these 
failure factors induced by various acceleration conditions are 1.436 and 1.59, respectively. 










exp)( 1.436          (13) 
 The physical meaning of Ea based on the Arrhenius equation, this energy defines the 
minimum or threshold energy required to cause a chemical reaction. In the case that various chemical 
reactions continually occur, Ea is determined from which reaction required the maximum energy. 
H. Nagai group reported the Ea of Cu oxidation at the process temperature ~450℃, the Ea of the 
first Cu-oxide state as Cu2O (~1.45 eV) is higher than that of the second state as CuO (~1.04 eV) 
[20]. It means that the Ea of Cu oxidation is determined from the Cu2O formation. Our reporting Ea 
(1.59 eV) is relatively close to the previous report of Ea for Cu2O formation, although it is a bit 
higher probably due to the lower process temperature. Therefore, the oxidation in our study is 
considered to be limited by the reaction of Cu2O formation.  Moreover, the relatively high value of 
the obtained Ea implies that the Cu oxidation can be delayed by reducing the temperature, leading 
to the longer lifetime of Cu.  
 
3.4. Summary and conclusions 
 For long-term storage reliability of Cu metallization in the environment, temperature and 
humidity dependence of the sheet resistance increase has been studied. It was found that the R 
changed nonlinearly with the change of humidity. The increase of R at 85% RH/85℃ was almost 
the same as that of 75% RH/85℃ in spite of the higher oxidation. The nonlinear phenomena can be 
explained by the similar relative volume of the different Cu-oxidation states. The results suggest 
that lower humidity acceleration than 85% RH/85℃ would be more appropriate in the THS test to 
predict the Cu lifetime at the use condition. The appropriate range of THS tests in this work avoids 
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the rapid change of the Cu oxidation state leading to the linear acceleration from the use condition. 
Normalized sheet resistance linearly depends on temperature and humidity or vapor pressure. XPS 
results confirm that the increase of Cu-oxide thickness corresponding to the increase of normalized 
sheet resistance and it is more sensitive to the temperature than humidity. Based on the temperature 
and humidity dependence of Cu sheet resistance under the appropriate THS conditions, a lifetime 
prediction model for Cu film against oxidation due to moisture was proposed. The proposed model 
of lifetime prediction for Cu is also applicable for the lifetime prediction in a longer time period 
although the increasing rate of normalized sheet resistance is reduced due to the formation of CuO. 
This model is expected to be used for the Cu lifetime prediction and further process development to 
improvement the reliability of Cu in terms of moisture protection. 
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CHAPTER 4 
MOISTURE BARRIER PROPERTIES  
OF SINGLE LAYER GRAPHENE 
 
4.1. Introduction 
 Based on the impermeability properties of graphene, it has been expected to protect Cu 
surface from oxidation due to moisture, leading to the Cu lifetime improvement for long-term 
storage in the environment. SLG grown by CVD on Cu foil was reported the evidence of the 
moisture barrier properties of graphene on the Cu surface, however, high-quality SLG with larger 
grain-sized has been required [1‒5].  
 In this chapter, the moisture barrier properties of high-quality SLG films deposited on the 
Cu surface by high-temperature CVD were demonstrated. Although low-temperature deposition is 
more appropriated for interconnect fabrication, the evidence of this test can be determined the future 
target of graphene applications. The correlation between SLG quality and Cu oxide thickness after 
THS test was also investigated by SE using a non-uniform SLG film deposited on the Cu surface. 
Two comparative SE models were presented in this work. The advanced model was developed to 
describe the relative amount of Cu oxide formed among the non-uniform SLG film in more precise 
detail. 
 
4.2. Experimental methods 
 In this work, two analytical experiments to investigate the moisture barrier properties of SLG 
on a Cu surface were performed. In the first experiment, a uniform SLG film was deposited on a Cu 
surface; then, the performance of SLG against oxidation from moisture was investigated and 
compared with that of a bare Cu sample. Fig. 4.1 shows the sample structures of SLG-coated Cu 
and bare Cu. A 1000-nm-thick Cu(111) film was deposited on a c-plane sapphire substrate by 
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magnetron sputtering at 220℃. Then, the uniform SLG film was grown on a heteroepitaxial Cu 
(111)/sapphire substrate by CVD using CH4 gas as the C precursor [6–8], as described in chapter 2.  
 The quality of the uniform SLG film was measured by Raman spectroscopy at three random 
measurement points on the SLG film after transferring to the SiO2/Si substrate with 532 nm 
excitation, as shown in Fig. 4.1(c). Two high-intensity peaks located at 1587 and 2680 cm-1 are G 
and 2D bands, respectively [9,10]. The high-intensity ratios of 2D/G bands are evidence of single-
layer graphene film [10,11]. The very low intensity of the defect-related D band at ~1350 cm-1 
confirms the high quality of this SLG film [9,10,12]. The large grains of SLG approximately 50‒
100 µm sizes [6] were examined to determine the near-ideal graphene grain size for protecting a Cu 
surface, as the final target of this study.  
 A bare Cu sample without graphene coating was also prepared and annealed in the same 
temperature as the procedures for CVD-SLG for an unbiased comparison with the SLG/Cu/sapphire 
sample. All samples were kept in THS chamber at the standard condition of 85℃/85% RH for 
accelerating Cu oxidation. Based on the proposed model of lifetime prediction [Chapter 3 equations 
(12) or (13)], the period of THS test at the standard condition of 85℃/85% RH can be converted to 
the actual lifetime at use condition of 27℃/60% RH, as shown in Table 4.1. To confirm the long-
term reliability of Cu metallization over 100 years, which is our target lifetime, the THS test at 
85℃/85% RH should be carried out over 25 h (>100 years at 27℃/60% RH). The THS test for all 
experiments in the following chapter had been conducted for 100 h to confirm almost 4 times of the 
expected lifetime of Cu (>100 years). After 25, 50, and 100 h of THS testing, the changes in the 
surface color of all samples were observed by OM. The surface chemistry of Cu and SLG/Cu was 
analyzed by XPS [13−16]. Cu 2p and O 1s XPS spectra were investigated using an Al X-ray source 
at 1486.6 eV with the measured spot diameter of ~110 μm. The relative changes in the atomic 
concentration ratio of O to Cu elements, which was determined by XPS, were evaluated to estimate 
the oxidation of the Cu surface.  
 The properties of the SLG film against the permeation of O can be described by first-
principles molecular dynamics (FPMD) and activation energy calculations within the framework of 
the density functional theory implemented in the STATE program package [17]. The FPMD 
simulation was conducted by the velocity scaling method to keep the temperature constant during 
the simulation [17].  
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Table 4.1 THS test duration at 85℃/85% RH converts to the actual lifetime at 27℃/60% RH. 
THS test 
85℃/85% RH 
25 h 50 h 100 h 
Actual condition 
27℃/60% RH 
~98 years ~197 years ~395 years 
 
 
Figure 4.1. Panels (a) and (b) showing SLG/Cu and bare Cu samples, respectively, and (c) Raman 
spectra of three random points on SLG surface. (By courtesy of Prof. Ago group) 
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 In the second experiment, the dependence of moisture barrier properties of SLG on the non-
uniform SLG film (mixing ratio or volume fraction of SLG and a-C) were demonstrated. Here, a 
non-uniform SLG film was prepared in similar processes with those of the uniform SLG deposition 
as in the first experiment, accidentally, it became non-uniform film owing to some failures occurred 
during the CVD process. After THS testing, SE was carried out to measure the SLG quality and Cu 
oxide thickness on the Cu surface by the collaboration with Horiba Techno Service. SE technique 
is very useful for determining the optical constants, namely, refractive index (n), extinction 
coefficient (k), and the thicknesses of various thin films determined from the best fitting of 
ellipsometric results [18−22]. The non-uniform SLG, as shown in Fig. 4.2(a), was measured after 
200 h of THS testing at twelve measurement points on the sample surface using spectroscopic phase-
modulated ellipsometer (UVISELTM2) in the wavelength range of 206‒824 nm (1.5‒6.0 eV) with 
the measured spot diameter of ~500 μm at an incident angle of 70°. The optical constants (n and k) 
and the thicknesses of SLG and Cu-oxide layers cannot be obtained directly from ellipsometric 
results, but they can be derived from the assumed models, as shown in Fig. 4.2(b‒c). On the basis 
of the models, the ellipsometric parameters ψ and ∆ were also generated and then compared with 
those of the measured results. The algorithm of data fitting between the generated parameters based 
on the SE model and parameters from the measurement was performed [18]. During the data fitting, 
all the generated models can be changed to minimize MSE between the measured and generated 
parameters [18].  
 In this work, the basic model was proposed at the beginning, as shown in Fig. 4.2(b), to 
understand the correlation for the C-based thin films by focusing on the mixing composition ratios 
of SLG to a-C in the non-uniform SLG layer and the thickness of Cu oxidation. This model has the 
simplest structure for analyzing layer thickness. The generated ellipsometric parameters are fitted 
with the measured parameters to obtain a minimum acceptable MSE. The mixing ratios of SLG to 
a-C in each measured point was estimated from the proportions of their n and k, as shown in Fig. 
4.3. In the advanced model, as shown in Fig. 4.2(c), graphite in the SLG and the interface area 
between the SLG and Cu oxide layers were introduced to obtain the best fitting of both ellipsometric 
parameters. Although it was difficult to identify the exact structure of the interface layer, it could be 
roughly determined from the optical constants which obtained results like metallic properties. It was 
probably due to the diffusion of Cu atoms into the C layer. The mixing ratios of SLG to a-C to 
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graphite within each measurement point was also estimated from the proportions of their n and k, as 
shown in Fig. 4.4. The obtained results based on the advanced model were compared with those of 





Figure 4.2. (a) Schematic of three parts SE measurement on non-uniform SLG/Cu surface, (b) and 
(c) sample structure in the basic and advanced models, respectively. 
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Figure 4.3. Optical constant of mixing composition of C-base film in the basic model. Panels (a) 
and (b) showing refractive index (n) and extinction coefficient (k), respectively. 
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Figure 4.4. Optical constant of mixing composition of C-base film in the advanced model. Panels 
(a) and (b) showing refractive index (n) and extinction coefficient (k), respectively. 
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4.3. Results and discussion 
4.3.1. Comparison between uniform SLG/Cu and bare Cu after THS test  
 The changes in surface color were observed before and after 25, 50, 100 h of the THS testing 
by OM. Figure 4.5(a‒d) shows the change in the surface color of SLG/Cu and comparing to those 
of bare Cu surface as shown in Fig. 4.5(e‒h). Most of the areas of the SLG/Cu surface still appeared 
shiny after 100 h of the THS test. It indicates that most of the Cu areas were covered by the SLG 
film which protects the Cu surface from oxidation. Small dark lines appeared in the SLG/Cu surface 
after 100 h of the THS test probably caused by O diffusion through the areas of SLG grain 
boundaries [23,24]. In the case of the bare Cu surface without the SLG coating, the surface gradually 
changed in color and became uniformly darker after 100 h of the THS test, which obviously indicates 
the oxidation of the Cu surface. 
 
 
Figure 4.5. Optical images of (a-d) SLG/Cu and (e-h) bare Cu surface observed before and after 25, 
50, and 100 h of THS test. 
 
 The oxidation states of the Cu, namely, Cu2O and CuO, were analyzed on the basis of the 
Cu 2p XPS spectra of five measurement points on the sample surface. The center of the Cu 2p peak 
located in the range of 932.6 to 932.2 eV corresponds to the metallic Cu and Cu2O [13−16]. Cu2O 
is the low-oxidation state of metallic Cu, and it rapidly forms on the Cu surface after exposure to air 
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[16]. After Cu surface was continuously oxidized, the high-oxidation state as CuO was evidently 
observed at ~933.6 eV [14,16]. For the SLG/Cu surface, there were no peaks separated from the Cu 
or Cu2O in the Cu 2p spectra. It reveals just a slight reduction in the peak intensity after 100 h of the 
THS test. It seems that metallic Cu was slightly oxidized to form Cu2O only, as shown in Fig. 4.6(b) 
as compared with Fig. 4.6(a) on the same vertical scale. Corresponding to the small dark lines in 
Fig. 4.5(d), a slight change in Cu 2p spectra probably occurred owing to the XPS measurement area 
also covering the Cu oxidation area along SLG grain boundaries. Besides, these results can confirm 
the state of oxidation along SLG grain boundaries during the THS testing with only the Cu2O formed. 
On the other hand, the Cu 2p spectra of the bare Cu surface before the THS test already exhibited a 
small-intensity CuO peak, as shown in Fig. 4.7(a). After 100 h of THS test, the Cu 2p spectra 
appeared the clear CuO peak due to the complete oxidation of Cu surface, as shown in Fig. 4.7(b). 
The shake-up peaks between 940 and 944 eV in Fig. 4.7(b) also indicate the existence of CuO. The 
reduction in Cu or Cu2O peak was according to the increasing of O content from Cu oxidation. 
 Figure 4.8 shows the atomic concentration ratios of O to Cu within the measurement area 
before and after 25, 50, and 100 h of the THS test determined by XPS. Before THS testing, the O/Cu 
ratio of the bare Cu surface was higher than that of SLG/Cu surface. The results were in accordance 
with the difference in the shape of the Cu 2p between the bare Cu surface [Fig. 4.7(a)] and the 
SLG/Cu surface [Fig. 4.6(a)]. In the case of the bare Cu surface, the O/Cu ratio increased with THS 
test time and appeared more linearly than those of the SLG/Cu surface. Corresponding to optical 
images, XPS results clearly indicate that the Cu surface without SLG coating was easily oxidized 
by O atom from moisture. In the case of the SLG/Cu surface, the O/Cu ratio increased after 25 h, 
then the increasing rate of this content gradually decreased after a long time of the THS testing. Five 
measurement points of XPS on the SLG/Cu surface indicate a slight difference in the O/Cu ratios 
owing to non-uniform oxidation within each measurement point. From the results, it is considered 
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Figure 4.6. Cu 2p XPS spectra of SLG/Cu surface measured (a) before and (b) after 100 h of THS 
test.  
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Figure 4.7. Cu 2p XPS spectra of bare Cu surface measured (a) before and (b) after 100 h of THS 
test. 
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Figure 4.8. Atomic concentration ratios of O to Cu measured by XPS on SLG/Cu and bare Cu 
surfaces measured before and after 25, 50, and 100 h of THS test. 
 
In order to confirm the barrier properties of SLG theoretically, FPMD simulation was 
performed, as shown in Fig. 4.9 by Okada group (University of Tsukuba). The O atom diffusion 
through the SLG layer under the periodic boundary condition for lateral and normal directions of 
SLG, two layers of SLG was simulated as shown in Fig. 4.9 in which molecular diffusion is 
distinguished by its position with respect to the inner or outer of the bilayer structure. After 20 ps of 
molecular dynamics (MD) simulation, O atoms could not penetrate through the SLG structure to the 
opposite side. Each O atom only forms a chemical bond with a C atom of the SLG. In order to 
understand the mechanisms by which the SLG surface obstructs the penetration of O atoms, the 
monolayer model and the diffusion energy that an O atom required to pass through the SLG layer 
were considered, as shown in Fig. 4.10. Figure 4.10 shows the correlation of the barrier energy and 
distance between an O atom and the SLG surface. The energy continually increased as the O atom 
moved to the graphene layer. The activation energy of the O atom to penetrate through the SLG 
surface (at a distance of 0 Å) was 22.71 eV and then continually decreased after moving out of the 
SLG surface. The obtained energy was very high and it was reasonable that O atoms did not have 
enough energy to pass through the SLG surface. From both results of simulation and experiment, 
they indicate that the large-grain SLG can protect the Cu surface from oxidization by moisture. 
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Figure 4.9. Initial atomic geometry and final atomic geometry of 20 ps. FPMD simulation of O 
atoms on the top and bottom surfaces of a two-layer graphene structure at 1000 K. (By courtesy of 
Prof. Okada group) 
 
Figure 4.10. Energy barrier for O atom diffusion through SLG film. (By courtesy of Prof. Okada 
group) 
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4.3.2. Cu-oxide thickness dependence on SLG quality in non-uniform SLG/Cu  
 In the above section, it was found that high-quality SLG with large grains was able to protect 
the Cu surface from oxidation by moisture. However, it was still practically difficult to deposit such 
an SLG film with large grains at a low temperature. Therefore, the barrier performance dependence 
on the SLG film quality were also demonstrated. 
 At the beginning, the basic model [Fig. 4.2(b)] was used to fit the ellipsometric data to obtain 
the results as shown in Table 4.2. The mixing ratios of SLG to a-C was found to depend on the 
proportions of n and k of so-called SLG and a-C. The results of Cu-oxide thickness within the 
measurement points were also shown in Table 4.2. The non-uniform SLG surface was classified by 
color into three main parts, as shown in Fig. 4.2(a). The first part (points 1‒4) exhibited the highest 
values of optical constants (n and k) related to the highest ratio of SLG. Most importantly, the Cu-
oxide thickness among these parts was the smallest according to the highest ratio of SLG. The Cu-
oxide thickness was thicker along with decreasing SLG ratio, as in the second (points 5‒8) and third 
(points 9‒12) parts, as shown in Table 4.2. However, the Cu-oxide thickness in the third part was a 
bit thinner than those of the second part probably due to the thinner C layer in the third part. The 
correlation between Cu-oxide thickness and a-C to SLG mixing ratios can be briefly explained from 
the basic model, as shown in Fig. 4.11. The measured areas with a low a-C (high SLG) ratio indicate 
the thicker Cu-oxide layer, whereas the areas with a higher a-C (low SLG) ratio became a poor 
barrier which could not protect the Cu surface from oxidation. 
Figure 4.12(a‒c) shows the OM plan view of each part. In the first part [Fig. 4.12(a)], the 
color of the Cu surface was relatively light, indicating a low level of Cu oxidation which was in 
agreement with the SE results. In the second part [Fig. 4.12(b)], light and dark-colored areas were 
mixed, and the color contrast was higher in this part than that of the other parts. These results indicate 
that both non-oxidized and Cu-oxide areas were combined according to the mixed SLG and a-C 
structure shown by the SE results. In the third part [Fig. 4.12(c)], the surface was darker than that of 
the first part, however, the color contrast is more uniform than that of the second part. The SE results 
of the third part indicate the dominant a-C ratio with the thinner layer than those of the second part, 
leading to more uniform oxidation of the third part. 
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Mixing ratio of 
a-C to SLG 
Optical constant 
at 633 nm (~1.96 eV) MSE 
CuOx C a-C SLG n k 
1 8.2 2.1 0 100 4.226 1.952 3.252 
2 19.3 4.8 0.4 99.6 4.215 1.944 6.137 
3 26.4 6.3 0 100 4.226 1.952 7.140 
4 49.9 8.5 0 100 4.226 1.952 11.339 
5 160.5 31.7 48 52 2.987 0.947 10.223 
6 133.6 24.2 53.8 46.2 2.844 0.808 6.517 
7 123.5 22.6 57.6 42.4 2.75 0.717 5.820 
8 124.2 22.9 55.9 44.1 2.792 0.757 5.922 
9 112 15.7 59.6 40.4 2.703 0.672 4.732 
10 104.2 11.8 61.5 38.5 2.656 0.626 4.223 
11 108.9 7.9 100 0 1.791 0.036 4.361 
12 108.8 9.8 100 0 1.791 0.036 4.620 
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Figure 4.11. Relationship between the relative amount of a-C and Cu-oxide thickness from the basic 




Figure 4.12. Three main parts of the non-uniform SLG/Cu surface observed by OM: (a) part 1, (b) 
part 2, and (c) part 3. 
 
The thickness of the Cu-oxide layer varied in spite of the same SLG ratio of 100%, as noted 
in Fig. 4.11. A more precise SE model was required for further analysis. Therefore, an advanced 
model was developed by introducing optical parameters of graphite (Fig. 4.4) in the SLG film and 
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the interface layer between SLG and Cu-oxide layers, as shown in Fig. 4.2(c). Better fitting with 
lower MSE values of the measured parameters was obtained using the advanced model. MSE values 
of the advanced model were lower than those of the basic model at all measured positions. Figure 
4.13(a‒b) shows examples of data fitting, which were obtained from measurement point 7, as in Fig. 
4.2(a), for comparison between the measured parameters and parameters generated from the basic 
and advanced models, respectively. Table 4.3 shows the SE results based on the advanced model. 
The correlation between the a-C ratio and the thickness of the Cu-oxide layer was compared, as 
shown in Fig. 4.14.  
 
 
Figure 4.13. Ellipsometric parameters fitting based on the generated parameters from the (a) basic 
and (b) advanced models. 
(a) Basic model 
(b) Advanced model 
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 Based on the results of n and k from Table 4.3, they imply the mixing ratios of carbon 
allotropes that compose of the so-called a-C, graphite, and graphene. The overall correlation 
between the mixing ratios of a-C to SLG to graphite and the Cu-oxide thickness was similar to those 
of the obtained results from the basic model, supporting the findings based on the basic model. 
However, there was a negative correlation between the a-C ratio and the Cu-oxide thickness in the 
first part, as shown in Fig. 4.14 and Table 4.3. By introducing the graphite parameters, it was found 
that the C layer in the first part (points 1‒4 from Table 4.3.) consisted of a mixture of graphite and 
a-C, and the a-C ratio varied with the measured positions. The results are in accordance with the 
color variation in the OM image [Fig. 4.12(a)]. According to the correlation, high a-C ratios up to 
24.7% (graphite ratio down to 75.2%) might lead to a smaller thickness of the Cu-oxide layer. It 
reveals that the Cu-oxide thickness at the areas of 100% graphite (points 3 and 4 in Table 4.3.) was 
thicker than the areas with a mixture of 24.7% a-C, 75.2% graphite and 17.7% a-C, 82.3% graphite 
at points 1 and 2, respectively, indicating a possibility of practical optimization of graphene film 
structure by not only enlarging the grains. Because the defect density or film density of the barrier 
layer can determine the amount of Cu-oxide, the crystalline structure of graphite or graphene, which 
composes of lower defects or higher film density than the non-crystalline structure of a-C, should 
have shown the higher efficiency in preventing the formation of Cu-oxide compared to a-C. 
 It is noted that the G, D, and 2D Raman bands measured on each area reveal just the existence 
of graphitic and defective C structures in each area. However, there were no significant differences 
in the spectra in spite of the different colors of different parts. As yet, it could not discuss the 
structural difference by Raman spectra, then the further study has been required to support the 
structures of C determined using the advanced model of SE. 
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Table 4.3. Thicknesses of Cu-oxide layer and C-based thin films with mixing ratios from the 




Mixing ratio of 
a-C to SLG to graphite 
Optical constant 
at 633 nm (~1.96 eV) MSE 
CuOx Interface C a-C SLG Graphite n k 
1 5.0 12.0 23.7 24.7 0.1 75.2 2.432 0.851 0.840 
2 23.2 11.3 24.5 17.7 0.0 82.3 2.522 0.938 1.678 
3 39.1 11.4 16.1 0.0 0.0 100.0 2.751 1.144 1.366 
4 71.1 13.2 16.4 0.0 0.0 100.0 2.751 1.144 2.077 
5 205.6 10.1 24.3 81.9 17.2 0.9 1.912 0.157 3.888 
6 168.8 7.0 14.7 92.6 5.5 1.8 1.657 0.045 1.747 
7 154.2 6.1 13.8 92.3 7.2 0.5 1.675 0.046 1.175 
8 156.5 6.3 13.0 92.7 6.0 1.4 1.660 0.044 1.224 
9 134.8 5.0 9.6 85.7 14.3 0.0 1.828 0.108 0.957 
10 120.2 4.4 6.9 75.0 25.0 0.0 2.100 0.274 1.501 
11 120.5 3.9 14.6 88.9 11.1 0.0 1.754 0.074 0.957 
12 122.0 3.9 20.0 89.5 10.5 0.0 1.740 0.068 1.463 
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Figure 4.14. Relationship between relative amount of a-C and Cu-oxide thickness from the 
advanced model of SE. 
 
4.4. Summary and conclusions 
 The moisture barrier properties of a high-quality large-grain SLG deposited on a 
Cu(111)/sapphire substrate by CVD were investigated. After the THS test at 85℃/85% RH (>25 h), 
OM and XPS clearly indicate that SLG coating can protect the Cu surface from oxidation by 
moisture and only small areas of Cu under SLG grain boundaries were oxidized. The barrier 
efficiency of SLG to prevent the penetration of O atoms was also confirmed by ab initio MD 
simulation. The first-principles simulation of the activation energy indicates that the O atoms do not 
have enough energy to pass through the SLG structure. The SE was then used to evaluate the 
correlation between Cu-oxide thickness and SLG quality on the Cu surface. The results indicate that 
high-proportion of graphite or graphene areas can prevent the oxidation of the Cu surface along with 
the potential optimization of the film structure. Simulation and measurement results reveal that the 
increase in SLG grain size and the elimination of grain boundaries should be provided to improve 
the performance of the SLG barrier layer in preventing the oxidation by moisture. 
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CHAPTER 5 
STACKED GRAPHENE LAYERS 
TO IMPROVE MOISTURE BARRIER 
 
5.1. Introduction 
Based on the results in chapter 4, large-grained SLG can serve as an efficient impermeable 
film to prevent the penetration of moisture. However, some areas of the SLG-coated Cu surface 
were oxidized. The Cu-oxide areas were speculated as that the areas among the SLG grain-
boundaries or defects [1].  
In this chapter, two analytical experiments were performed. The first experiment was 
performed to demonstrate the Cu-oxide areas in the SLG-coated Cu among the grain boundaries or 
defective structures of graphene by Raman spectroscopy measurements. For improvement the 
reliability of graphene-coated Cu against Cu oxidation, an artificial multi-stacking SLG layers on 
CVD-SLG/Cu into DLG was demonstrated to eliminate the Cu oxidation through the defects and 
grain boundaries of the underneath SLG, as in the second experiment. In addition, TLG was also 
prepared by further stacking SLG on the DLG-coated Cu surface. The comparative oxidation 
resistances of DLG-coated Cu, TLG-coated Cu, SLG-coated Cu, and bare Cu surfaces was 
investigated after THS test. The sample surfaces were characterized using OM and XPS. The results 
indicate that the multiple stacking as DLG can improve the moisture barrier properties of the SLG-
coated Cu surface by covering the underneath SLG grain boundaries. Moreover, TLG achieves as a 
highly efficient barrier that uniformly prevents oxidation of Cu surface by protecting the cross-points 
of grain boundaries in DLG. The mechanism of improvement by the first-principles simulation of 
overlapping graphene films result in an increased energetic barrier against the water diffusion 
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5.2. Experimental methods 
High-quality large-grained SLG was grown on Cu/sapphire substrates using a previously 
reported CVD method [2,3] as described in chapter 4. A 1000-nm-thick Cu (111) film was deposited 
on a c-plane sapphire substrate via high-temperature sputtering. Then, SLG growth occurred on 
heteroepitaxial Cu (111)/sapphire substrates via ambient-pressure CVD at 1075℃ in CH4 precursor 
gas. DLG- and TLG-coated Cu samples were prepared by stacking SLG on CVD SLG-coated Cu 
samples by a standard PMMA-assisted transfer method [2,4]. A bare Cu sample was also deposited 
on a sapphire substrate by sputtering and annealing in a quartz tube without the CH4 precursor gas 
to facilitate comparison with that of graphene/Cu samples. 
The THS test was conducted for 100 h under 85℃ and 85% RH conditions designed to 
accelerate oxidation. The first experiment was carried out to examine the Cu-oxide areas in the SLG-
coated Cu surface after 100 h of THS test measured by Raman spectroscopy measurement at an 
excitation wavelength of 633 nm and spot diameter of ~1 μm. The second experiment was performed 
for testing the efficiency of stacking graphene samples comparing to SLG-coated Cu and bare Cu 
samples. Before and after 25, 50, and 100 h of THS test, all sample surfaces were observed by OM. 
Cu 2p, Cu LMM, and O 1s XPS spectra were investigated using an Al X-ray source (1486.6 eV) 
with a spot diameter of ~110 µm. The relative atomic concentration of O to Cu ratio was evaluated 
from the O 1s and Cu 2p spectra after background subtraction.  
Unstitched grain boundaries of SLG were simulated for armchair graphene nanoribbons with 
hydrogenated edges by Okada group (University of Tsukuba) [5]. The diffusion of water through 
the overlapping graphene areas was simulated with various overlapped lengths. The O atom was 
fixed along the migration coordinate. In simulation, water migration began from the center of the 
graphene nanoribbon and ended among the overlapped graphene layers via the edge site. The energy 
barrier to water migration was estimated form the simulation results. 
 
5.3. Results and discussion 
5.3.1. Analysis of Cu oxidation on SLG-coated Cu surface 
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Regarding the previous report of moisture barrier properties of SLG-coated Cu surface, as 
in chapter 4, it was found that some areas of Cu surface were oxidized after 100 h of THS test. To 
confirm the hypothesis that the Cu oxidation occurred among the SLG grain boundaries or defects, 
dark and shiny areas of SLG-coated Cu surface were examined by Raman spectroscopy and also 
investigated the formation of Cu oxides comparing to those of the bare Cu surface, as shown in Fig. 
5.1. For the Raman spectrum of SLG (Fig. 5.1), the D, G, and 2D peaks are located in the range of 
1320‒1327, 1585‒1597, and 2640‒2680 cm-1[6,7], respectively. The existence of D peak 
corresponds to the defective structures of graphene. Comparative D and G peaks intensity ratio 
(ID/IG) among the dark and shiny areas of SLG-coated Cu surface after 100 h of THS test, the ID/IG 
intensity ratios of the dark color area was relatively higher than that of the shiny area. It indicates 
that there were many more defects among the dark area in a lengthwise direction which was like the 
grain boundary of SLG. In addition, the Raman spectra of the dark area exhibited various peaks of 
Cu2O
 at 148, 219, and 525 cm−1, and a peak located at ~630 cm−1 corresponded to CuO [8–11]. The 
intensity of Cu2O and CuO peaks were larger in the spectrum of the SLG-coated Cu surface 
comparing to those of the bare Cu surface [Fig. 5.1]. In the case of shiny area on the SLG-coated 
Cu surface after 100 h of THS test, Raman spectrum did not exhibit the Cu-oxide peak. The results 
indicate that the efficiency of oxidation resistance of SLG got worse for long-term test due to the 
diffusion of moisture through the areas of grain boundaries. The defective areas of SLG can enhance 
the oxidation of the Cu surface.  
To solve this problem, further development by multiple stacking of SLG has been performed 
to completely protect the Cu surface from moisture. 
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Figure 5.1. Raman spectra of SLG-coated Cu and bare Cu surfaces after 100 h of THS test. Spectrum 
of SLG (shiny area) shows small D peak without Cu-oxide peaks. Dark area of SLG and bare Cu 
spectra show various peaks of Cu2O and CuO. 
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5.3.2. Artificial stacking of CVD-SLG to cover the underneath grain boundaries 
In the second experiment, the oxidation resistance of SLG-coated Cu was improved by 
artificial stacking of CVD-SLG layers. Figure 5.2 shows the concept of SLG stacking as DLG-
coated Cu surface expected to eliminate the Cu oxidation through the defects and grain boundaries 
in SLG-coated Cu surface, since the grain boundaries was covered by overlaying SLG grain. Further 
CVD-SLG stacking on the DLG-coated Cu surface as TLG was also carried out to improve the 
integrity of covering grain boundaries and defects.  
5.3.2.1 Change of surface color during THS test observed by OM 
 All cases were prepared, including SLG-, DLG-, TLG-coated Cu and bare Cu samples, and 
then kept in THS test. Primary observation in the changes of the surface color was carried out by 
OM with comparing before and after variously THS testing times, as shown in Fig. 5.3. Comparing 
to its initial state [Fig. 5.3(a)], the bare Cu surface rapidly changed to a uniformly dark color after 
25 h of THS test [Fig. 5.3(b)] and became continually darker after the long-term THS test [Fig. 
5.3(c‒d)]. The changes in color indicate that the Cu surface was oxidized upon exposure to high 
temperature and humidity. Most areas of the SLG-coated Cu surface after the THS test still be shiny 
[Fig. 5.3(f)], which was similar to the initial surface before the test [Fig. 5.3(e)]. However, in some 
areas appeared dark lines and spots [Fig. 5.3(f‒h)] and became darker and larger size after long-term 
THS test [Fig. 5.3(b−d)]. The color change of SLG-coated Cu surface was qualitatively similar to 
the previous report, but the dark color areas were relatively larger in this study probably due to the 
higher density of defects. The DLG- and TLG-coated surfaces exhibit large shiny areas after the 
THS test. These results can confirm the expected effects of stacking SLG layers for covering the 
defects underneath. Although some small dark spots were observed on the DLG-coated Cu surface 
after long-term THS test, the shiny areas on the DLG-coated Cu surface were clearly larger [Fig. 
5.3(j‒l)] than those on the SLG-coated Cu surface [Fig. 5.3(f‒h)]. The dark spots were more 
perfectly eliminated in the case of the TLG-coated Cu surface by showing a uniformly shiny surface 
without dark spots or dark lines after 100 h of THS test [Fig. 5.3(n‒p)]. 
 




Figure 5.2. Structural models of the (a) bare Cu, (b) SLG-coated Cu, and stacking SLG layers as (c) 
DLG-coated Cu and TLG-coated Cu samples.  
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Figure 5.3. OM images of (a‒d) bare Cu, (e‒h) SLG-coated Cu, (i‒l) DLG-coated Cu, and (m‒p) 
TLG-coated Cu surfaces measured before and after different durations of THS test.  
 
5.3.2.2 Evolution of Cu oxidation measured by XPS during THS test 
The relative changes in the contents of O and Cu during the THS test were evaluated by 
XPS. A typical spectrum for each duration was shown in Fig. 5.4. The XPS peak intensity is 
associated with the average amount of the corresponding elements within the analyzed XPS depth. 
The primary analysis to confirm the components of metallic Cu, Cu2O, and CuO in the Cu 2p 
spectrum was carried out, as shown in Fig. 5.4(A1‒A4). The main peaks observed from 932.6‒932.4 
eV correspond to the metallic Cu and the low oxidation state as Cu2O [12–15]. The high oxidation 
state as CuO is reflected by the peaks at ~933.6 eV, and its satellite peak was observed from 944.6‒
942.4 eV [12–14]. The metallic Cu and Cu2O peaks can be distinguished clearly in the Cu LMM 
Auger spectrum, as shown in Figs. 5.4(B1‒B4). The Cu 2p spectrum of the bare Cu surface before 
the THS test [Fig. 5.4(A1)] exhibited high-intensity peaks of metallic Cu and Cu2O along with small 
CuO and CuO satellite peaks.  
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 In the Cu LMM Auger spectrum of the bare Cu surface, the peaks at the binding energies of 
~567.9 and ~570 eV correspond to the metallic Cu and Cu2O [16,17], respectively. The Cu LMM 
spectrum of bare Cu before the THS test [Fig. 5.4(B1)] exhibited both metallic Cu and Cu2O peaks, 
indicating that a layer of Cu2O formed on the Cu surface upon exposure to air before the THS test. 
After THS test, the peaks corresponded to metallic Cu and Cu2O in the Cu 2p spectrum [Fig. 
5.4(A1)] decreased continually in contrast with the growth of CuO peak, indicating that Cu 
continued to be oxidized during the THS test. There was almost no metallic Cu observed after 100 
h of test, indicating that the Cu surface within the measurement depth of XPS was fully oxidized, as 
shown in the Cu LMM Auger spectrum [Fig. 5.4(B1)]. 
 The Cu 2p spectra of the SLG-, DLG-, and TLG-coated Cu surfaces before the THS test 
[Fig. 5.4(A2‒A4)] exhibited the high-intensity peaks of metallic Cu and Cu2O. In the Cu LMM 
Auger spectra [Fig. 5.4(B2‒B4)], the presence of metallic Cu was much higher than that of Cu2O. 
These results demonstrated the ability of the graphene layers to protect the Cu surface. Significant 
changes were observed in the Cu 2p spectrum of the SLG-coated Cu surface after long-term THS 
test [Fig. 5.4(A2)]. The peak of CuO appeared suddenly after 100 h of the THS test, and its intensity 
was greater than that of the Cu2O peak. This change was consistent with the appearance of dark lines 
and spots, as observed by OM [Fig. 5.4(h)]. The Cu 2p spectra of the DLG- and TLG-coated Cu 
surfaces [Figs. 5.4(A3‒A4)] indicate strong peaks of metallic Cu+Cu2O components, whereas the 
CuO peaks were almost nonexistent. The Cu LMM Auger spectra of the DLG- and TLG-coated Cu 
surfaces [Fig. 5.4(B3‒B4)] clearly indicate the presence of a large amount of metallic Cu after 100 
h of THS test, in agreement with the large shiny areas observed on the Cu surfaces by OM [Fig. 
5.4(i‒p)]. 
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Figure 5.4 XPS spectra of (A) Cu 2p and (B) Cu LMM measured on bare Cu and graphene-coated 
Cu surfaces comparing before and after different durations of THS test.  
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The relative O/Cu atomic concentration ratios for each condition estimated from the Cu 2p 
and O 1s spectra; adsorbed O and C–O contents were not included when determining the 
concentration ratios [18,19], are shown in Fig. 5.5. Before the THS test, the O/Cu ratio of the bare 
Cu surface was higher than those of all the graphene-coated Cu surfaces owing to the rapid oxidation 
of Cu after exposure to air moisture. The increasing rate of the O/Cu ratio on the bare Cu surface 
was maximized after 25 h of the THS test and then decreased as the test continued, indicating the 
reduction of Cu2O formation. It implies that the Cu-oxide layer performs as the passivation layer to 
slow down the further Cu2O formation (just changing the existent Cu2O to CuO) after the long-term 
THS test in the same vapor pressure. 
For the SLG-coated surface, the O/Cu ratio increased linearly with the THS test time and 
then increased extremely quickly after 100 h of test due to the formation of CuO higher than that of 
bare Cu surface, as shown in inset Cu 2p curve fitting. These results were in accord with the presence 
of dark lines and spots investigated on the sample surface by Raman spectroscopy (Fig. 5.2) and the 
change in shape of the Cu 2p spectra (Fig. 5.5). For the DLG- and TLG-coated Cu surfaces, their 
O/Cu ratios increased slightly after 25 h of THS test and then remained stable.  
 A comparative results of Cu-oxide formation between the bare Cu and graphene-coated Cu 
surfaces by Raman spectroscopy (Fig. 5.1), OM images [Fig. 5.3(b‒d) and (f‒h)] and XPS results 
(Figs. 5.4 and 5.5) reveal that SLG could preserve the metallic Cu surface underneath for almost 50 
h of the THS test; however, the efficiency of the SLG coating was reduced after long-term THS test 
as 100 h. Raman spectrum and OM images indicate the high Cu oxidation at the sites of defects and 
grain boundaries of SLG [Figs. 5.1 and 5.3(f–h)] comparing to that on the bare Cu surface [Fig. 5.1]. 
The increased O/Cu ratio after the long-term THS test can be explained by the formation of a 
galvanic cell [20], as shown schematically in Fig. 5.6. When Cu2O begins to form among the 
defective areas of SLG, a galvanic cell is formed. The electron donated by Cu atom during oxidation 
can be transferred via graphene sheet to air, thereby promoting further Cu oxidation at SLG defects 
and grain boundaries. The results indicate that the oxidation rate of the bare Cu surface decreased 
after long-term THS test because no galvanic cell was formed to accelerate the Cu corrosion. 
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Figure 5.5 Relative O/Cu atomic concentration ratios of the bare Cu and graphene-coated Cu 
surfaces measured before and after different durations of THS test. 
 
Figure 5.6 Schematic model showing the formation of a galvanic cell among the defective areas of 
graphene over the Cu surface. 
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 As expected, DLG-coated Cu surface exhibited larger shiny areas after long-term THS test 
[Fig. 5.3(j‒l) and (n-p)] because the penetration of O atom through the SLG defects and grain 
boundaries was obstructed by the multiple stacking of SLG layer. Little change was observed in the 
XPS spectrum of DLG-coated Cu during 100 h of THS test [Fig. 5.4(A3)], indicating good 
protective ability. In order to explain how the upper SLG layer protects the areas of SLG grain 
boundaries or defects underneath, Fig. 5.7 shows the simulated energy barrier to water migration 
through the overlapped SLG sheets. In the first-principle simulation, migrating water moved from 
the middle-right side to the left side of both graphene layers, and water migrates along the migration 
coordinate via the edge site and ends up among the overlapped SLG sheets [Fig. 5.7(a)]. The 
simulation results indicate that the energy barrier (E) to water migration was higher when the length 
of the graphene overlapping (d) was 1.22 to 3.66 Å [Fig. 5.7(c‒e)] comparing to the scenario with 
no overlapping [d = 0 Å; Fig. 5.7(b)]. The results indicate that SLG overlapping was essential to 
improve the barrier efficiency. 
 However, small dark spots of Cu2O and CuO were still observed on some areas of the DLG-
coated Cu surface, as indicated by OM [Fig. 5.3(j‒l)]. These tiny dark spots, which were almost 
similar in size, likely corresponded to the intersection between the upper and lower SLG grain 
boundaries, as shown in the schematic model in Fig. 5.8. The O atom can penetrate through these 
holes to oxidize the Cu surfaces. The number of small dark spots on the TLG-coated surface after 
100 h of THS test [Fig. 5.3(n‒p)] was drastically reduced compared to the DLG-coated Cu surface 
[Fig. 5.3(j‒l)] owing to the efficient barrier of the stacked SLG layers covering on the defects of the 
lower SLG layers. The Cu 2p spectrum and O/Cu ratio of the TLG-coated Cu surface did not change 
significantly during THS test [Figs. 5.4(A4) and 5.5], confirming the ability of TLG to prevent the 
oxidation of the Cu surface by moisture. Overall, the findings demonstrate that stacking graphene 
layers can effectively prevent the moisture diffusion through the SLG defects and grain boundaries 
of the lower graphene layers. 
 




Figure 5.7. Optimized geometry and energy of water migration through overlapping areas of two 
SLG sheets [5]. 
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Figure 5.8. Schematic model showing the potential cause of Cu oxidation on the DLG-coated Cu 
surface. 
  
5.4. Summary and conclusions 
The improvement of graphene-coated Cu should be adopted to prevent the oxidation on the 
Cu surface and also to eliminate the galvanic cell formation, which enhances the Cu oxidation in 
long-term storage. Stacking SLG on the SLG-coated Cu surface was performed to cover defects and 
grain boundaries of the underlying SLG layer. Long-term THS test (100 h) was carried out under 
the accelerated conditions of 85℃ and 85% RH to evaluate the effectiveness of the graphene 
coatings in preventing oxidation. The results reveal that stacking SLG as DLG was an efficient 
barrier against O atom diffusion, although some tiny areas of Cu were still oxidized at the cross-
point of grain boundaries between the upper and lower SLG layers. Further stacking as TLG can 
preserve the Cu film surface in long-term THS test. A typical simulation of O atoms diffusion 
through the overlapping SLG sheets indicates that the energy barrier against O atoms diffusion was 
higher with increasing the range of graphene overlapping. Based on the measurement and simulation 
results, multiple-stacking SLG layers can cover the underneath grain boundaries and defects. The 
findings demonstrated that stacking large-grained SLG is a promising strategy for improving the 
moisture barrier properties of graphene on Cu film surface.  
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CHAPTER 6 
NITROGEN-DOPED AMORPHOUS CARBON  
FOR PRACTICAL MOISTURE BARRIER 
 
6.1. Introduction 
As described in chapter 5, graphene is expected as a candidate for an ultra-thin barrier for 
Cu metallization, however, high-temperature processes were still not appropriate for the current LSIs 
fabrication [1,2]. To approach this goal, a-C:N material, which can be fabricated at room temperature 
by sputtering, seems to be a potential moisture barrier to against Cu oxidation.  
In this chapter, the moisture barrier properties of the sputtered a-C:N with various nitrogen 
contents were investigated by comparison to a-C-coated Cu and bare Cu surfaces under the THS 
test. Surface color observation and sheet resistance measurement were carried out to evaluate the 
physical change of sample surfaces. Further study by surface morphology observation and chemical 
state analysis were performed to confirm the efficiency of a-C:N against Cu oxidation in more detail 
and the potential mechanisms of this method were also discussed in this chapter. 
 
6.2. Experimental methods 
For the preparation of Cu film sample, 100-nm-thick Cu film was deposited on SiO2/Si 
substrate by DC-magnetron sputtering at 200℃ to complete the Cu grain growth. Then, N-doped a-
C layer was deposited on the Cu surface by RF-magnetron sputtering from a graphite target in the 
gas mixture of Ar and N2 at room temperature for 537 s. Different Ar:N2 gas flow ratios; 90:10, 
80:20, and 70:30, were performed to investigate the relative changes of a-C:N mixed composition 
and their efficiency of moisture barrier. After sample preparations, the cross-sectional area of a-C:N 
layer was observed to measure the precise film thickness by TEM. Then, existence of a-C and N 
atoms were analyzed using XPS with ~110-μm diameter of Al X-ray source (1486.6 eV), voltage 15 
kV, and current 5 mA. 
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Then, THS test was carried out under the conditions of 85℃/85% RH to accelerate the 
oxidation of Cu surface for 100 h. Primary investigation was conducted by observing the change of 
surface color and measuring the sheet resistance using an OM and a four-probe method, respectively. 
Further investigation was performed to observe the change of surface morphology using SEM 
comparing before and after the THS test. Moreover, XPS depth profiling was performed after 100 h 
of the THS test to investigate the oxidation of Cu surface below a-C:N layer by using Ar+ ion beam 
etching with a beam energy of 4 keV scanned over an area of 2 mm×2mm for 50 s per cycle then 
measured by XPS after each cycle and obtain the relative atomic concentration ratios of N, C, O, 
and Cu elements.  
 
6.3. Results and discussion 
6.3.1. Film characteristics measured by TEM and XPS 
 Figure 6.1(a) shows the structural illustration of a-C:N-coated Cu surface. The thickness of 
sputtered a-C:N layer was measured as ~15 nm for the a-C:N 90:10 and ~25 nm for 70:30 samples 
by the cross-sectional TEM image, as shown in Fig. 6.1(b–c). It was found that the increase of the 
N2/Ar gas flow ratio had an effect on the growth rate of a-C:N layer. The obtained results are in 
accord with the previous report of Kamiyama et al. [3]. Large surface roughness in case of a-C:N 
70:30 [Fig. 6.1(c)] was considered to be caused by the large Cu roughness probably due to stress 
from the substrate heating during Cu sputtering at 200℃. Although the interfacial diffusion between 
Cu and a-C:N [Fig. 6.1(c)] seemed to be a potential effect on this surface roughness, the TEM images 
evidently indicate that the a-C:N layer uniformly covered all the Cu surface.  
All three conditions of a-C:N samples were characterized the compositions of C‒N bonds 
from the curve fitting of C 1s XPS spectra, as shown in Fig. 6.2(a‒c). The peaks located at the 
binding energies of 284.5 and 285.5 eV were corresponded to sp2- and sp3-hybridized bonds [4,5], 
respectively. The binding energies of 286-286.8 and 287-287.8 were corresponded to the bonding 
of sp2C‒N and sp3C‒N [6,7], respectively. Owing to the lower formation energy of the sp2C-N bond, 
most N atoms were bound to sp2C rather than sp3C atoms [8]. For the lowest N-doping (a-C:N 90:10), 
C‒C bonds from sp2 and sp3 were still be the dominant composition in C 1s spectra. Main 
composition became C‒N bonds in the cases of higher N-doping. The relative atomic concentration 
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ratios of N to C are shown in Fig. 6.2(d). It indicates that the increase of N concentration was 
obtained from the higher flow rate of N2 gas during sputtering. N concentration was increased double 
with the increase of N2 gas flow rate from a-C:N 90:10 to 80:20. However, the existent N 
concentration seemed to be lower than expected in the case of a-C: N 70:30. 
6.3.2. Efficiency verification of a-C:N against oxidation after THS test 
6.3.2.1. Evolution of normalized sheet resistance measured by four-probe method 
Based on the decrease of Cu film thickness by oxidation leading to the sheet resistance 
increase, it was considered to detect the oxidation of the Cu surface. The sheet resistance of each 
sample (two samples/condition) was measured before and after 50 and 100 h of the THS test and 
then normalized by its initial value before test, as shown in Fig. 6.3. 
 The evolution of R indicates the large increase for the bare Cu samples. In contrast, the 
change of sheet resistance was much smaller for the samples of a-C:N-coated Cu. R was almost the 
same as the beginning for the lowest N-doping (a-C:N 90:10). For both cases of the higher N-doping, 
their R was slightly increased. These results reveal that the lowest N-doping (a-C:N 90:10) can 
protect the Cu surface from oxidation through 100 h of the THS test. Although the efficiency of the 
oxidation barrier was lower for other cases, the increasing rate of R was much lower than that of the 
bare Cu surface.  
 




Figure 6.1. (a) Schematic illustration of a-C:N-coated Cu sample and cross-sectional TEM image 
of a-C:N layer grown on Cu surface for a-C:N ratios of (b) 90:10 and (c) 70:30. 




Figure 6.2. C 1s XPS spectra of different a-C:N ratios; (a) 90:10, (b) 80:20, and (c)70:30 and (d) 
relative atomic concentration ratios of N/C measured on the sample surface. 
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Figure 6.3. Evolution of normalized sheet resistance (R) measured on the top surface of all samples 
measured before and after 50 and 100 h of THS test. 
 
6.3.2.2. Change of surface color observed by OM  
 At the beginning (0 h), surfaces of the a-C:N-coated Cu samples [Fig. 6.4(b‒d)] were 
typically darker than that of the bare Cu sample [Fig. 6.4(a)]. These color change implied the 
formation of Cu oxidation. After the THS test (100 h), the surface color of the bare Cu was inherently 
changed to darker color after exposure to the air, as shown in Fig. 6.4(e). For all cases of the a-C:N 
coated Cu samples, the surface of the lowest N-doping (a-C:N 90:10) was almost no change along 
with the THS test [Fig. 6.4(b‒f)], and it accorded with the result of almost no increase of R as 
described in Fig. 6.3. At the same time, both cases of the higher N-doping changed their surfaces’ 
color to darker color than those of the beginning [Fig. 6.4(g‒h)]. Further analyses were performed 
to confirm the efficiency of a-C:N 90:10 case and to evaluate the qualitative differences for both 
cases of the higher N-doping comparing to that of the bare Cu sample. 
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Figure 6.4. Optical images observed on the top surface of all samples comparing between before 
(a)‒(d) and after 100 h (e)‒(h) of THS test. 
 
6.3.2.3. Change of surface morphology observed by SEM 
 Beyond the observation of surface color by OM, surface morphology observation by SEM 
was also carried out to identify the difference of film features for various conditions of a-C:N 
comparing between before and after the THS test, as shown in Fig. 6.5. They indicate that there was 
no significant difference of the surface features for all samples after the deposition in spite of the 
different concentration of C‒C and C‒N bonds, as shown in Fig. 6.5(a‒c). After 100 h of the THS 
test, there was no change of the film feature for the lowest N-doping case [Fig. 6.5(d)] comparing 
to that of the beginning [Fig. 6.5(a)]. For the higher N-doping, a-C:N 80:20 case was found few 
holes in some areas of the sample surface [Fig. 6.5(e)] and more number of holes were observed for 
a-C:N 70:30 with a diameter of each spot ~100 nm [Fig. 6.5(f)]. The formation of holes during the 
THS test was considered as the reason for Cu oxidation for the higher N-doping. It is possible that 
the dominant composition of C‒N bonds from a-C:N 70:30, as shown in Fig. 6.2(b‒c), provided a 
weak barrier against moisture diffusion. During the THS test, moisture diffusion can damage this 
barrier and penetrate to oxidize the Cu surface underneath, showing a slight increase of R and darker 
surface color. Even though the Cu surface seems very rough on SEM images, all over the Cu surface 
was covered with 15-nm thickness a-C:N layer, as displayed in Fig. 6.1(b). It reveals that adopting 
a smooth surface of Cu would be able to reduce the film thickness of a-C:N further.  
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Figure 6.5. Surface morphology observation by SEM for a-C:N samples comparing between before 
(a)‒(c) and after 100 h (d)‒(f) of THS test. 
 
6.3.2.4. XPS depth profiling 
 To clearly investigate the oxidation of Cu surface, XPS depth profiling was conducted after 
100 h of the THS test to obtain the compositional depth profiles comprising of C, N, O from 
Cu2O+CuO and Cu atoms, as shown in Figs. 6.6 and 6.7. Depth profiling of the bare Cu sample was 
also carried out for comparison. Firstly, a typical depth profile exhibited the sample structure 
including the SiO2/Si substrate, as shown in Fig. 6.6. It confirmed that the O diffusion from the SiO2 
substrate did not affect the Cu surface since there was no O diffusion from the SiO2 which reached 
the Cu surface. 
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Figure 6.6 XPS depth profile of bare Cu after 100 h of THS test, which comprising of C, N, O, Cu, 
and Si atoms. 
The depth profile of bare Cu, as shown in Fig. 6.7(a), indicates that the Cu surface was highly 
oxidized by moisture, as showing very large contents of oxidation (~27% of O at the maximum point 
and the depth corresponding to ~150 s of etching time). Fig. 6.8(a) shows the Cu 2p XPS spectra 
measured before and after Ar etching. It reveals that the large content of CuO, which located at 
~933.6 eV and 944.6‒942.4 eV for CuO shake-up peak, was formed on the top surface of bare Cu. 
After Ar+ etching, it indicates the dominant structure of Cu2O located at ~932.4 eV.  
For all cases of a-C:N coating [Fig. 6.7(b‒d)], there were no Cu oxidation under a-C:N layer 
and it was found only few Cu contents on the top surface. In addition, O atoms from the moisture 
were considered to adsorb on the surface of a-C:N, as shown in the inset of O 1s spectra [Fig. 6.7(b‒
d)]. Further analysis of Cu 2p spectra [Fig. 6.8(b‒d)] reveal that few Cu atoms diffused through a-
C:N layer and they were oxidized by the adsorbed water on the top surface to form the dominant 
structure of Cu(OH)2, which located at ~934.6 eV, as shown in the insets for all cases of a-C:N [Fig. 
6.8(b‒d)]. Cu 2p spectra measured on the upper layer of the a-C:N 70:30 layer [Fig. 6.8(d)] were 
found a high content of Cu2O due to the higher diffusion of Cu atoms into a-C:N than that of other 
cases. The deposited films at higher N2 gas flow, as a-C:N 70:30, are considered to less stable against 
moisture by showing the pores during THS test because of the chemical composition which included 
more C‒N bonds, as shown in Fig. 6.2(b‒c), in spite of the thicker film thickness, as ~25 nm for a-
C:N 70:30 measured by TEM. 
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In the case of a-C coating [9], O atoms penetrated through the a-C layer to oxidize Cu surface 
after the long-term test as 100 h [Fig. 6.7(e)]. Cu 2p XPS spectra measured after Ar etching [Fig. 
6.8(e)] reveal that low oxidation state of Cu2O was formed on the Cu surface underneath the a-C 
layer.  
These results can confirm the efficiency of a-C:N to prevent the oxidation of Cu surface, 
especially less N-doping as a-C:N 90:10. It can be a guideline for the future development of the 
thinner a-C:N layer. 
6.3.3. Mechanism of preventing Cu oxidation with a-C:N layer 
 Regarding the testing results, doping just 10% N2 flow during sputtering can enhance the 
efficiency of a-C layer against Cu oxidation. Although few Cu atoms diffused into a-C:N layer and 
they were oxidized by the adsorbed O atoms on the top surface of a-C:N, these O atoms could not 
reach the Cu layer below a-C:N layer. These phenomena can be described from a potential 
perspective based on the chemical properties and testing results, as shown in Fig. 6.9. According to 
the controlled moist air (85℃/85%RH), Cu oxidation, which generated from the reaction of Cu with 
both O2 and H2O to form Cu2O, CuO, and Cu(OH)2, leads to the increase of Cu sheet resistance [10‒
14]. However, the formations of Cu2O and CuO are more immediately begun after exposure to 
ambient air and it most commonly happens in real usage with lower humidity [13,14]. Since H2O 
was detected only near the a-C:N surface as shown in Fig. 6.8, O atoms were considered as the 
diffusion species through the a-C:N layer. From the previous report [9], C atoms played an important 
role to decelerate the downward diffusion of O atoms, but bare a-C was not sufficient yet to prevent 
the diffusion of O atoms for a long-term test [Fig. 6.7(e)]. It was found that the Cu2O layer was 
formed deeply, as an illustrated model in Fig. 6.9(a), according to the XPS depth profile [Fig. 6.7(e)]. 
Further study will be required to describe the mechanism for deep diffusion of O through a-C layer 
to oxidize Cu. An appropriate composition of N-doped a-C can suppress the diffusion of O atoms 
by enhancing the efficient barrier to prevent the diffusion of O atoms in regard to the film density 
and the mutual electrostatic repulsion between N and O atoms resulting from their strong 
electronegativity (3.04 for N and 3.44 for O) [15], as an illustrated model in Fig. 6.9(b).  
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Figure 6.7. XPS depth profiles of (a) bare Cu, (b) a-C:N 90:10, (c) a-C:N 80:20, (d) a-C:N 70:30, 
and (e) the previous report of a-C coating on Cu surface [9].  
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Figure 6.8. Cu 2p XPS spectra of (a) bare Cu, (b) a-C:N 90:10, (c) a-C:N 80:20, (d) a-C:N 70:30, 
and (e) a-C coating on Cu surface [9] measured before and after each cycle of Ar etching. 
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Figure 6.9. Model to explain the effect of N-doping on moisture barrier improvement, (a) a-C 
without N-doping and (b) a-C:N layer on Cu surface. 
 
6.4. Summary and conclusions 
 In this chapter, the excellent barrier properties of the sputtered a-C:N layer against moisture 
was demonstrated to prevent the oxidation of Cu surface. a-C:N film was deposited by sputtering of 
graphite target in Ar/N2 ambient at room temperature on the Cu surface, so the thermal budget is 
compatible with the present processes. The a-C:N material, especially at a sputtering gas ratio of 
90:10 (Ar:N2), can perform as an efficient moisture barrier for preventing the Cu oxidation by 
showing almost no change of sheet resistance, surface color, and film feature along with 100 h of 
the THS test under the condition of 85℃/85% RH (~400 years at 27℃/60% RH). XPS depth profiles 
imply almost no Cu oxidation on the Cu surface below a-C:N layer. The a-C:N layer with appropriate 
Ar:N2 conditions can suppress the penetration of O atoms with the potential effects of the strong 
electrostatic repulsion between N and O atoms and the film density. Because the low-temperature 
process is compatible with SM fabrication, it would be a practical method to improve the reliability 
of Cu metallization for long-term storage over 100 years as expected. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE PROSPECTS  
 
7.1. Overall conclusions  
 Because of the small atomic radius of carbon, nanocarbon materials, such as graphene and 
a-C:N, were studied their potential and issues in preventing Cu-oxidation to improve the long-term 
reliability of Cu metallization used in LSIs, such as interconnects and bonding pads (expected >100 
years). By studying graphene against Cu oxidation in principle, the results demonstrate that large-
grained SLG is a potential moisture barrier. Nevertheless, areas with grain boundaries and defects 
create moisture diffusion paths. The results confirm that the stacking of SLG layers, as DLG and 
TLG, eliminates the grain boundaries. However, high-temperature CVD of SLG (~1000°C) is still 
not compatible with the current thermal budget of the fabrication process of LSIs. To reach the goal, 
a practical method of a-C:N-coated Cu, which can be deposited at room temperature by sputtering, 
was then investigated. The results show that the a-C:N layer with an optimized N-content is an 
efficient, practical barrier against moisture. 
 
7.2. Conclusions for each chapter 
7.2.1. Chapter 3 
 Because the Cu reliability in terms of protection against oxidation has rarely been studied, 
the fundamental characteristics of Cu oxidation under accelerated temperature and humidity 
conditions have been studied. Although the THS test was carried out under conventional conditions 
(85°C/85% RH), we studied the dependency on the temperature and humidity of Cu oxidation under 
varying humidity values (between 75% and 95% RH). The results show that the increase in the R at 
85% RH is almost the same as that at 75% RH despite the higher oxidation state. The nonlinear 
phenomena can be explained with the relative volume of the Cu-oxidation states. The results suggest 
that conditions below 85°C/85% RH are more appropriate for the THS test of the Cu surface without 
a moisture barrier and lifetime prediction. In the appropriate range of the THS tests, the linear change 
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of R depends on the temperature and humidity or vapor pressure; it is more sensitive to the 
temperature than the humidity. The XPS measurements confirm the increase in the oxidized Cu 
thickness with increasing R. In this chapter, a sample model for the prediction of the Cu lifetime is 
proposed based on the measured R value. It can be used as a guideline to generate a lifetime 
prediction model for Cu metallization and to improve their reliability in terms of moisture protection. 
 
7.2.2. Chapter 4 
 The moisture barrier properties of a high-quality large-grained SLG coating on a Cu surface 
were studied in principle to improve the long-term reliability of Cu with respect to moisture 
protection. Standard THS test was carried out at 85℃/85% RH for 100 h to accelerate the oxidation 
of the Cu surface (which corresponds to ~400 years at 27℃/60% RH). The standard THS test can 
be used because it does not focus on the temperature and humidity dependency. The OM and XPS 
results obtained after the THS test indicate that large-grained SLG can protect the Cu surface from 
oxidation; only small areas of Cu close to SLG grain boundaries were oxidized. The first-principles 
simulation reveals that O atoms do not have enough energy to pass through the SLG structure. The 
SE was then used to evaluate the correlation between the oxidized Cu thickness and quality of SLG 
on the Cu surface. The results indicate that high proportions of graphite or graphene in combination 
with an optimized film structure can prevent the oxidation of the Cu surface. In addition, the a-C 
layer seems to be a potential moisture barrier based on the low amount of Cu oxidation in some 
areas. Based on the measurement results and simulation, the increase in the SLG grain size and 
elimination of grain boundaries are expected to improve the performance of the SLG layer in 
preventing Cu-oxidation by moisture. 
 
7.2.3 Chapter 5 
 The formation of Cu-oxide in SLG areas with grain boundaries and defects was investigated 
by Raman and XPS in comparison with the Cu surface without a SLG barrier. The results after the 
THS test indicate that the Cu surface in SLG areas with grain boundaries and defects was 
significantly oxidized, showing a higher Cu-oxide content than the Cu surface without graphene. 
This is probably due to the formation of galvanic cells in these areas. Based on the long-term THS 
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test (for >50 h at 85℃/85% RH), galvanic cells can induce a high amount of oxidation. In this 
chapter, a method is proposed to eliminate SLG grain boundaries and defects by stacking the SLG 
layers and forming DLG and TLG graphene coatings on the Cu surface. Stacking the SLG layers 
should be coated on Cu surfaces to prevent their oxidation and eliminate the formation of galvanic 
cells to achieve long-term storage reliability. Stacking of SLGs on the Cu surface was performed to 
cover the defects and grain boundaries of the underlying SLG layer. The test results reveal that DLG 
is an efficiently blocks O atom diffusion, although small areas of Cu were still oxidized at the cross 
points of grain boundaries between the upper and lower SLG layers. The TLG can be used to 
preserve the Cu film surface for long-term storage. These results were confirmed with a first-
principles simulation. The results show that the energy barrier against O diffusion improves with 
increasing range of graphene film overlapping. Based on the experimental results and simulation, 
the stacking of large-grained SLG is a promising strategy for improving the moisture barrier 
properties of graphene-coated Cu film surfaces and long-term storage reliability over 100 years. 
 
7.2.4. Chapter 6 
 Because the high thermal budget of SLG deposition is still not practical for the current 
fabrication process of LSIs, N-doped a-C, which can be deposited by room-temperature sputtering 
of the graphite target, was proposed to reach the goal. The a-C:N layer, especially that obtained at a 
sputtering gas ratio of 90:10 (Ar:N2), is an excellent barrier against moisture. The sheet resistance, 
surface color, and film features insignificantly changed during a 100-hour THS test at 85℃ and 85% 
RH. The XPS depth profiles imply almost no oxidation of the Cu surface underneath the a-C:N layer. 
The a-C:N layer with appropriate N contents potentially suppresses the penetration of O atoms 
because of the film density and the strong electrostatic repulsion between N and O atoms. Because 
the low-temperature process is compatible with LSI fabrication, room-temperature sputtering of a-
C:N is a practical method that can be used to improve the reliability of Cu metallization in LSIs in 




Chapter 7  Conclusions and future prospects 
116 
7.3. Future prospects  
 The application of large-grained SLG as Cu coating in LSIs will become feasible if an 
advanced fabrication process can be conducted with a low thermal budget. In addition, the 
deposition of defect-free SLG with large grains remains challenging. 
 The a-C:N is an excellent barrier that can be used to protect the Cu surface from oxidation 
and can be applied to Cu pads. However, the film thickness is still larger than expected. In the future, 
the film thickness of a-C:N is expected to be reduced and it leads to extend the applications. 
Furthermore, the potential cause of the electrostatic repulsion between N and O atoms, as speculated 
in this research, should be identified using simulations or other methods. The efficient a-C:N barrier 
is expected to be extensively used in other applications. 
 The obtained results in this research regarding graphene and a-C:N would be a guideline in 
the development of nanocarbon materials for moisture barrier films. 
 
 
